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N NOVEMBER 20, 1931, in a lecture before a large audience gathered 

at the Institut Poincaré in Paris, there were presented the first direct 
measurements taken by Carl D. Anderson of the energies of cosmic-ray 
tracks made with an apparatus capable of measuring, by the method of 
magnetic deflectibility in air, energies of the order of magnitude to be ex- 
pected in cosmic-ray photon-encounters with electrons and nuclei, namely, 
from 27 X 10° volts up to at least 500 X 10° volts. These same photographs were 
also shown on November 23rd at a physical seminar at the Cavendish Labora- 
tories. Cambridge, England. The eleven cosmic-ray-track photographs shown 
and discussed on these occasions! brought to light a certain number of new 
and important facts presented essentially as listed below in both of these lec- 
tures, and these facts have now been checked by three times as many success- 
ful exposures. 


1. 


The incident cosmic rays are absorbed primarily by the nucleus, rather 
than by extra-nuclear electrons, as heretofore generally assumed. This is 
shown by the new observation that the curvature of the tracks produced by a 
17,000 gauss magnetic field corresponds more frequently to positive than to 
negative particles, though both appear. Positive particles can obviously come 
only from the nucleus. The length of the tracks available for the measurement 
of curvatures was here 6 inches, or 15 centimeters, in magnetic fields up to 
20,000 gauss. 

2. 


In some 17 percent of the observed encounters between cosmic rays and 
the nucleus, the latter was disintegrated, both positive and negative particles 
being thrown out of it. Since a given photographic plate will often catch but 


1 One of the best of the photographs, showing a negative track of energy 140 million volts 
and an associated positive track of energy about 70 million volts, was published on December 
18th, 1931, in Science Service, Washington, D. C., along with Dr. Anderson’s photograph, 
under the title “Cosmic Rays Disrupt Atomic Hearts.” 
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one of two or more associated tracks, a much larger percentage of the en- 
counters is doubtless of this sort. Auger and Skobelzyn* had before ob- 
served double cosmic-ray tracks, but they had not been in position to differ- 
entiate between positives and negatives nor to measure their energies. Ob- 
servations 1 and 2 show that formulae like the Klein-Nishina, which deal only 
with absorption by free electrons (negative or positive), can have no validity 
in the cosmic-ray field. 
3. 


The incident rays act like photons in two important particulars. 

First, they appear to make occasional Compton encounters with electrons; 
showing in a 17,000 gauss field circular tracks just like those produced in 
check experiments made with gamma-rays, save that the cosmic-ray elec- 
trons show much larger circles—circles corresponding to energies up to 20 
million volts. 

Second, the fact that the incident rays give rise to more tracks that come 
from the nucleus than from extra-nuclear encounters is a definite photon- 
property. For, as is well known, x-rays and gamma-ray photons are always ab- 
sorbed most copiously by those constituents of the absorbing atoms the bind- 
ing energy of which is nearest the incident photon energy, provided only this 
latter exceeds the binding energy. Both of these properties might conceivably 
be possessed also by neutrons, recently suggested by Chadwick* to account 
for certain effects observed with highly penetrating rays produced by the im- 
pact of alpha-rays on beryllium, but this would be not only an ad hoc assump- 
tion, but an extremely unlikely one. The neutron-assumption seems, then, 
to be quite unnecessary for the interpretation of these observed cosmic-ray 
effects. 


4. 


Out of about 1000 exposures, 34 show measurable cosmic-ray tracks. Of 
these 34, 6, or 17 percent, represent associated tracks, as above stated, in 
which at least two particles—one a positive in four of the 6 cases—have come 
from one nucleus, the joint energy, assuming the positive to be a proton, the 
negative an electron—the most reasonable hypotheses—is in 4 cases about 
200 million electron-volts, in one case but 21 million electron volts, and in 
the last of the 6 cases about 500 million electron volts. 

Of the 34 tracks, 11 are single positive tracks of proton energy, as follows: 
4 of around 150 million volts, 3 of around 100 million volts, 2 of 250 million 
volts, and 2 of 350 million volts. 

There are also 2 single negatives of electron energy around 350 million 
volts. 

There are 3 single low energy positives of proton energy from 16 to 40 
million volts. 


? Auger and Skobelzyn, C. R. 189, 55 (1929). See also Skobelzyn, Zeits. f. Physik 54, 686 
(1929). 
8’ Chadwick, Nature 129, 312 (1932). 

















COSMIC-RAY ENERGIES 327 


There are 5 beautifully circular single electron tracks that look like Comp- 
ton encounters with extra-nuclear electrons, the electron-energies being from 
7 to 18 million volts. 

There are 3 single positives and 1 negative of energy around 500 million 
volts, and, finally, there are 3 positives and perhaps 1 negative, though its 
sign is doubtful, the curvatures of which seem to reveal energies of the order 
of 1000 million volts. 

In a word, then, on the assumption that the tracks are due in all cases 
either to protons or to electrons, nine-tenths of all the observed encounters yield 
energies which lie within the ranges computed from the Einstein equation and 
the atom-building hypothesis. The helium-building rays of energy 27 million 
volts would all be absorbed before they get down to sea level, so that the in- 
coming photons reaching the apparatus should be photons due to oxygen- 
building, by Einstein’s equation of energy 116 million volts, or photons due 
to silicon-building of energy 216 million volts, or photons due to iron-building 
of energy about 500 million volts. 

The other tenth of the tracks, however, appears to possess, with the fore- 
going assumptions, energies too high to be accounted for by this theory of 
origin. There is one observed fact, however, which seems to speak against the 
reality of these exceedingly high energies. It is that most, if not all, of the 
nearly straight, i.e., high energy tracks, show very small sudden changes in 
direction, such as both beta and alpha-rays from radium always reveal but 
which are not to be expected from the theory of scattering with the enor- 
mously high energies connected with the observed curvatures. There is, there- 
fore, just a possibility that these few apparently very high energy tracks have 
been straightened by encounters, and are not actually of so great energy as 
they seem to be. In any case, the abundance of these sudden changes in direc- 
tion speaks for a lower energy than is computed from the smallness of the 
apparent general curvature. Further study of these sudden changes in direc- 
tion is needed before final conclusions can be drawn. 

The fact herewith for the first time revealed of the disintegration of the 
nucleus definitely shown by the appearance of positive charges which, on ac- 
count of the observed intensity of ionization, cannot be attributed to whole 
nuclei, these positives too often accompanied by high energy negatives, shows 
the illegitimacy of, in general, treating an encounter between a photon and a 
nucleus as a simple Compton encounter between a photon and one of the 
electrons or protons within the nucleus. The high energy of the negatives also 
eliminates the possibility, in view of the masses involved, that they have 
acquired their energy from encounters with high energy protons. Since the 
the whole energy of an incident photon may be absorbed within a nucleus 
which is disintegrated, without involving any violation either of the conserva- 
tion of momentum or of the conservation of energy, the photon hypothesis 
as to the nature of the incident rays encounters no difficulty in explaining the 
observed energies; for practically the whole of the energy of the incident 
photon, or any fraction thereof, should be able to appear in a single ejected 
proton or electron, or in a number of such. 
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Some of the single high energy negatives may, however, represent simple 
Compton encounters of high energy photons with free negatives, for a high 
energy photon should be able even in a Compton encounter to transfer a 
large fraction of its energy to a free electron, while a neutron of rest-mass 
about that of the proton cannot possibly transfer more than one five-hun- 
dredth of its energy to a free electron, so that the photon hypothesis has 
greater flexibility in accounting for the observed high energy protons and 
electrons than has the neutron-hypothesis. The later seems to us quite im- 
potent in the face of the herewith observed cosmic-ray energies, since no 
neutron of any energy whatever less that 10° volts can impart to a free elec- 
tron as much as 3 million volts of energy, and yet our observed energies in 
what look like Compton encounters are nearly all from seven to twenty mil- 
lion volts. Only the photon hypothesis seems, then, to fit these facts. 
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that this ratio increased as the temperature decreased. 


Il. INTRODUCTION 


* a monatomic gas is given by 


S=14+(2-1f?/Z 


sisting of atoms of one kind is given by 


S=1+ (2 — 1)f"/Z? — F?/Z 


form 


1 om f* Z 
S = ————. + (f? — F)/Z 


search Fund of Washington University. 
1 A.H. Compton, Phys. Rev. 35, 925 (1930). 
2 J. J. Thomson, Conduction of Electricity through Gases. 2nd Ed., p. 325. 
3G. E. M. Jauncey, Phys. Rev. 38, 1 (1931). 
4 G. Herzog, Zeits. f. Physik 69, 207 (1931). 
5G. E. M. Jauncey, Phys. Rev. 37, 1193 (1931). 
6 G. E. M. Jauncey and G. G. Harvey, Phys. Rev. 37, 1203 (1931). 
7 Y.H. Woo, Phys. Rev. 38, 6 (1931). 
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From the theory of the diffuse scattering of x-rays by single crystals it appears 
that the ratio of the intensity of the incoherent to that of the total scattering at a given 
angle should be a function of the temperature. Accordingly x-rays of wave-length 
0.40A were scattered from sylvine at temperatures of 300°K and 90°K. Aluminum 
was transferred from the primary to the scattered beam and from the observed change 
of absorption coefficient of the x-rays the above ratio was calculated. It was found 
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H. COMPTON! has shown that the intensity of x-rays scattered by 


(1) 


where S is the scattered intensity relative to the Thomson? value at the same 
angle and f’ is an average atomic structure factor which has been discussed 
by Jauncey*® and Herzog.* More recently Jauncey and Harvey*:* have shown 
that the intensity of x-rays diffusely scattered by a simple cubic crystal con- 


(2) 


where F is the atomic structure factor including the effect of thermal agita- 
tion and the other symbols have the same meaning as in Eq. (1). Inde- 
pendently Woo’ has considered the diffuse scattering of x-rays from crystals 
and obtained an expression for the intensity which may be written in the 


(3) 


* This research was assisted by a grant made to the senior author from the Science Re- 
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where a=h/mcX and ¢ is the angle of scattering. Woo’s formula reduces to 
our formula, Eq. (2), when @ in Eq. (3) is equal to zero. According to the 
theory of Wentzel,® Woo’s formula consists of two parts—the first part apply- 
ing to the incoherent and the second to the coherent radiation. The inco- 
herent part contains the Breit-Dirac factor 1/(1+a vers ¢)*. Hence the ratio 
of the intensity of the incoherent to that of the total scattering is 


1 — f"/Z? / 
= - _— af S, 
(1 + a@ vers ¢)' 





n (4) 


Since F is a function of the temperature, S is a function of the temperature 
as has been shown experimentally by Jauncey® and Claus'® for rocksalt and 
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Fig. 1. Diagram of cooling chamber andfcrystal mounting. 


by Jauncey and Harvey" for sylvine. It is reasonable to suppose that the 
incoherent radiation is not affected by temperature so that the ratio 7 is a 
function of temperature in virtue of S. If S; and S: are values of S for a given 
angle of scattering ¢ but for different temperatures 7, and 72 respectively, 
and if 4, and m2 are the corresponding values of 7, then 


m/ne = S2/S1. (5) 


8 G. Wentzel, Zeits. f. Physik 43, 1 and 779 (1927). 

9G. E. M. Jauncey, Phys. Rev. 20, 421 (1922). 

10 W. D. Claus, Phys. Rev. 38, 604 (1931). 

ul G. E. M. Jauncey and G. G. Harvey, Phys. Rev. 38, 1925 (1931). 
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The object of the present experiment was to find whether or not 7 is a func- 
tion of the temperature. 
I]. APPARATUS AND PROCEDURE 

The cooling chamber is shown in Fig. 1. A is a copper plate 0.4 by 2.5 by 
15 cm. This plate has a hole which contains the crystal of sylvine B whose 
dimensions are 0.11 by 1.0 by 2.5 cm. The plate A is supported by the hard 
rubber rod C which fits into an inverted micarta cup DD. A pointer K is 
attached to the top of the rod C. This pointer moves over the scale of a pro- 
tractor. The inverted cup DD is supported above the Dewar flask FF and 
is attached to an insulating ring EE. Cotton is placed between EE and FF 
at GG. Liquid air may be admitted to the Dewar flask through the tube H. 
Cellophane windows in the inverted cup DD provide for the ingress and 
egress of x-rays. The temperature of the crystal may be measured by a cop- 
per-iron thermocouple in contact with the crystal. 














Fig. 2. Diagram of apparatus. 


The x-rays from a tungsten target tube pass © * the cooling chamber 
K in Fig. 2 and are therein scattered by the crystal. — the ionization cham- 
ber D. This chamber is connected with a reservoir containing ethyl bromide 
which is maintained at a constant temperature below that of the room during 
the course of an experiment. 

The ionization chamber was first set to receive the primary x-rays through 
the crystal. Different thicknesses of aluminum were placed in the path of the 
x-rays and the logarithm of the intensity of the x-rays entering the ionization 
chamber was plotted against the thickness of the aluminum. It was found 
that the curve was practically a straight line so that the x-rays coming 
through the crystal may be considered as homogeneous. The mass absorp- 
tion coefficient of the x-rays in aluminum was 1.03 corresponding to a wave 
length of 0.40A as given by Compton’s tables.” The ionization chamber was 


” A. H. Compton, X-Rays and Electrons. p. 184. 
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next placed so as to receive the x-rays scattered by the crystal at an angle @. 
The crystal was rotated by means of the pointer A into a position such that 
only diffusely scattered and not regularly reflected x-rays entered the ioniza- 
tion chamber. A thickness d of aluminum was placed in the primary beam 
at P, Fig. 2, and a reading of the ionization current 7; taken. The aluminum 
was then transferred to the scattered beam at Q and the ionization current 
ig measured. Liquid air was then admitted to the flask F and the currents 7, 
and 72 again measured. 


Ill. EXPERIMENTAL RESULTS 


At first it was intended to measure the ratio 7; 72 at various angles of 
scattering. However, it will be seen by reference to Eq. (5) that the ratio 
m Ne is greatest where the ratio S. S; is greatest; also by reference to the 
paper by Jauncey and Harvey"! it is seen that the ratio of S at room tempera- 
ture to S at liquid air temperature is greatest for small values of (sin @ 2)/X, 
that is, at small angles. But the change of wave-length in the Compton 
effect is small at small angles, so that the change of the absorption coefficient 
in going from the primary to the scattered beam is small and the difference 
between 7; and 7, is therefore small also. At large angles, although the Comp- 
ton change of wave-length becomes greater, S: approaches S,; as seen by 
reference to the curve in the paper by Jauncey and Harvey." There is an 
optimum position where the ratio S2/S,; does not too nearly approach unity 
and where the change of wave-length is not too small. Accordingly we aban- 
doned the idea of measuring the ratio 7/72 at different angles and concen- 
trated our efforts on measuring the value of 7; 72 at 50°, which is close to the 
optimum angle. 

Three different runs were made. Each run consisted of three sets of read- 
ings, the first and third sets being made at room temperature and the second 
set at liquid air temperature. Each set consisted of twenty-five readings of 
1; and twenty-five readings of 72 the readings of 7, alternating with those of 
ig. In each set the readings of 7; and 72 were respectively averaged and the 
average of 7, divided by the average of iz. These average values of 7; ‘72 are 


TABLE I. Change of i; t2 with temperature at (sin ¢/2)\=1.06 














1} te 
Run - $$ $$___——-—— - 
300°K 90°K 300°K Average at 300°K 
1 1.062 1.098 1.023 1.042 
2 1.027 1.088 1.024 1.026 
3 1.032 1.122 1.028 1.030 
Average 1.103 1.033 


shown in Table I. Comparing the third and fifth columns of Table I, it is 


quite obvious that the ratio 7,/72 increases when the temperature is decreased 
from 300°K to 90°K. 
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IV. Discussion OF RESULTS 


In order to compare the experimental results with Eq. (5), it is necessary 
to obtain values of the ratio of incoherent to total scattering from the ex- 
perimental values of 7;/i2. The case where the scattered radiation is assumed 
to consist of coherent and incoherent radiation, the wave-length of the latter 
differing from that of the former by an amount 6A =0.0242 vers ¢," has been 
discussed by Jauncey and Defoe."* However, the formula of Jauncey and 
Defoe only applies when @=¢/2, where @ is the angle between the normal 
to the crystal and the direction of the primary beam. The formula for the 
case 6+~@/2 may easily be shown to be 


1 — ye-*aq-1 
= [rc 2") © 


where 


1 — @9’ cust [sec(o—0)—sec8} | (4a — ms) SEC (@ — 6) cos “| 
.: = ee ———— = asm . — 
§ — gine o)-am u3[1 — sec (6 — 8) cos 0] 





3 


g (us — ws)t sec (6 — 8) 
y= iy ‘Te 


the notation being that used in the paper of Jauncey and Defoe." In the pres- 
ent experiments \=0.40A, the crystal thickness ¢=0.11 cm, ¢ =50°, = 20°, 
and the thickness of aluminum transferred, d=0.3 cm. Using the average 
values of 7,/i2 in the last row of Table I and correcting for the lack of com- 
plete absorption in the ionization chamber, which was 43 cm long, we obtain 
Ns0k =0.39 and nox =1.01. There is obviously something the matter 
since 7 at 90°K comes out greater than unity. The error is very likely in the 
readings since by reference to Table I it is seen that the three values of 
i, /i2 at 90° differ considerably from each other and we have used the average 
value. Also it must be remembered that Eq. (6) is based on the assumption 
that the incoherent radiation at a given angle of scattering @ consists of a 
single wave-length, whereas according to the theories of Jauncey and 
Wentzel® the incoherent radiation consists of a band of wave-lengths, the 
center of gravity of the band being on the long wave-length side of the Comp- 
ton modified line. If the average change of wave-length of the incoherent 
band is greater than the Compton change of wave-length, the calculated 
value of » from the experimental value of 7;/i2 will be smaller, and so it is 
very probable that on this account yx can be made less than unity. 
At the same time, however, nox will also be reduced. Lacking knowledge 
to the contrary, we shall suppose that the ratio ns0x/nox will be 
practically unaltered by assuming a change of wave-length which differs 
slightly from the Compton change. The ratio ‘s00x/mngoex is equal to 


18 A. H. Compton, Phys. Rev. 21, 483 (1923). 
4s G, E. M. Jauncey and O. K. Defoe, Phil. Mag. 1, 711 (1926). 
6 G. E. M. Jauncey, Phys. Rev. 25, 314 and 723 (1925). 
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0.39, which by Eq. (5) should equal SgoxK/ S30. The value of Sgox 
/Szo0ex at (sin @ 2) A=1.06 is 0.76 according to Jauncey and Harvey." 
V. CONCLUSION 

We have shown definitely that the ratio 7/72 increases when the tempera- 
ture of sylvine decreases from 300°K to 90°K. In 1929 Jauncey and Bauer" 
examined the scattered radiation from carbon, aluminum and copper for an 
effect of this type and found that the ratio 7;/72 is independent of the tem- 
perature. Ordinary carbon, aluminum and copper may be considered as 
made up of powdered crystals, and Woo’ has suggested that for powdered 
crystals the ratio 7% should not be a function of the temperature. Our 
present result for the diffuse scattering of x-rays from a single crystal is thus 
distinct from the result found for the scattering of x-rays from amorphous 
substances. From our values of 7; 72 at 300°K and 90°K it may be inferred by 
means of Eq. (6) that the ratio of incoherent to total scattered radiation from 
sylvine at 90°K is greater than the ratio for sylvine at 300°K. We are not at 
present prepared to say whether or not 300K / 0K is equal to SgorK/S300K 
as it should be according to Eq. (5). 


6G. E. M. Jauncey and H. Bauer, Phys. Rev. 34, 387 (1929). 
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The accommodation coefficient, a, is calculated for a solid surface with respect 
to an inert gas. The repulsive energy of gas and surface atoms is taken to be of the 
reasonable form Ce~*'¢. All the normal coordinates of the solid are considered. Agree- 
ment is found with the available experimental data. The dependence of a upon tem- 
perature is given primarily by the factor (U—U»)/T, where U is the internal energy 
of the solid. 


1. INTRODUCTION AND RESULTS 


REQUENTLY a solid surface has a temperature different from that of 
the gas molecules which strike it. Let these temperatures be /,, ¢,, respec- 
tively, and let the gas be monatomic. The velocity distribution of the gas 
molecules leaving the surface will correspond to a temperature between /, 
and ?¢,, say t,’. The accommodation coefficient, defined by the limiting ratio 


. t,' = to 
a(t)= lim — —s (1) 


tj-t=t tg — by 





is a measure of the ease with which energy is transferred between gas and 
solid. 

The dependence of a upon the physical properties of the gas and solid is 
of considerable interest. The influence of the ratio of the masses of the gas 
and surface atoms has been discussed by Baule! from the classical viewpoint. 
However, his formulae for @ are invalidated by incorrect simplifying assump- 
tions. Jackson? has calculated a by the methods of the quantum mechanics. 
His assumptionsare likewise soapproximate that his results are, in the opinion 
of the present author, of little significance. 

Fortunately, in certain cases the problem is intrinsically much simpler 
in the quantum mechanics than in the classical mechanics. In these cases the 
simplification arises in that during the collision of a gas atom with the surface, 
the quantum number of not more than one normal coordinate changes.* 
The interference between the various normal coordinates can thus be neg- 
lected. Hence only the interaction of the gas molecules with single normal co- 
ordinates need be calculated, which is no more difficult than to calculate the 


* National Research Fellow. 

! Baule, Ann. d. Physik 44, 145 (1914). 

2 J. M. Jackson, Proc. Camb. Phil. Soc. 28, 136 (1932). 
®C. Zener, Phys, Rev. 40, 178 (1932). 
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interchange of vibrational and translational energy between monatomic and 
diatomic molecules.‘ 

The conditions under which the above simplification is justified is that the 
sum of all transition probabilities, as calculated by a first order perturbation 
scheme, remain less than unity. This condition is satisfied when® 


S = 3n7(m,/ms,)(t,O)*, (1 + 4ad/d) < 1. 


Here m,, m, refer to the masses of the gas and surface atoms, respectively. 
The repulsive potential energy between a gas and surface atom contains d 
as a parameter as 

Vi = Cer’, (2) 


\ is the de Broglie wave-length of a gas atom having the energy &f. © is the 
characteristic temperature of the metal. That S<1 is satisfied in interesting 
cases may be seen by substitution of numerical magnitudes. If we let the 
solid be tungsten, and the gases helium, neon, argon, then taking the reason- 
able value d=0.25 X 10-8 cm, we find for t=0(310°KK),® S=0.15, 0.36, 0.54. 

In this paper advantage is taken of the above mentioned simplification to 
make an approximate calculation of the accommodation coefficient. Only a 
restricted class of collisions are considered, namely the collisions in which the 
line of motion of the gas atom is normal to the surface, and passes through 
the position of equilibriiim of a surface atom. This restriction will make the 
calculation of @ in error by a factor of the magnitude of unity, which will 
however be approximately independent of temperature and the kind of gas. 
We shall find 


a = r(m,/ms)x(O/1DQ(d/d). (3) 


The function x(0/t) represents the effect quantization of the solid has upon 
decreasing a. x(r) is a tabulated function’ having the limiting values x(0) 
=1, x(«) =0. It is defined explicitly as 


r s8dz 
x(r) = (3 mf - _— (4) 
0 e— 


The second function Q(d/X), defined by (12), represents the effect a finite time 
of collision has in hindering an exchange of energy. It has the limiting values 
Q(0) =1, Q(«) =0. The significance of the ratio d/Xd is not at once evident. 
Writing it in the form (2d/v)(3mv?/h), where v is the velocity associated with 
A, we see that d/X is the ratio of the time during which the atom moves 
through a distance 2d, to the period of oscillation of a linear oscillator whose 
energy levels are spaced by an amount equal to the kinetic energy of the atom. 

The only experimental values of a for clean surfaces are for W and He.* 


4 C. Zener, Phys. Rev. 37, 556 (1931). 

5 Reference 3. Eq. (9). 

6 Landolt-Bérnstein Physikalisch-Chemische Tabellen, EgIIb, 1232. 

7 Ibid, EgI, 705. x is equal to 1/6th of the function( U— U>»)/T as calculated by Debye’s 
formula. 

8 J. K. Roberts, Proc. Roy. Soc. A135, 192 (1932). 
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The experimental values are compared with (3) in Fig. 1. It is to be em- 
phasized that the value of d for which best agreement is obtained has no real 
significance, since the theoretical curve is to be multiplied by an unknown 
constant factor when all types of incidences are considered. What is of im- 
portance is the nearly constant ratio between the theoretical and experimen- 
tal curves. When the experimental values are known for more gases, it will be 
possible to determine this unknown factor, and then the best value of d. 
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Fig. 1. Temperature dependence of a. Crosses give experimental values. Curve 1, d=0. 
Curve 2, d=0.1X107* cm. Curve 3, d=0.2 X 1075 cm. 


2. CALCULATION 


Since the variation of the mutual potential of the wall and gas atoms in 
the plane of the wall is quite uncertain, the problem will be idealized to a one 
dimensional collision. This is accomplished by restricting the gas atom to 
move in a line perpendicular to the wall, and passing through the position 
of equilibrium of a surface atom. Let y(¢, 7; €—hv, n+1) be the probability 
that when a gas atom having the energy € collides with the wall, that a spe- 
cific normal coordinate of frequency v and quantum number 2” absorb an 
amount of energy jv, the gas atom then coming away from the wall with 
energy €—h/v. This probability is equal to its inverse, i.e. 


y(e — dv, n + 1; €, 2) = y(e, un; € — hv, n + 1) (5) 
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These probabilities are zero except for those normal coordinates correspond- 
ing to displacements perpendicular to the wall. Let A, be the averaging opera- 
tor for the statistical distribution of the number of atoms of energy € colliding 
with the wall, namely 


A. = caty-* f dee~tlkta . . . , (6) 
0 


Similarly let A, (v) be the averaging operator for the statistical distribution 
in quantum numbers of an oscillator having the frequency v. Then 


x 
A,(v) = (1 = ea hel kts) Denne! kts . ein (7) 
n=0 


Let the wall be considered as a surface of a cube having V* atoms. There 
are then N* normal coordinates corresponding to displacements perpendicu- 
lar to the wall. A summation over all normal coordinates may thus be re- 
placed approximately by the integration 


Grint) f dvy?+---, (8) 
0 


In the approximate method used to calculate the transition probabilities, 
the normal coordinates can change their quantum numbers only by +1. 
Moreover, only one can change at a time. Accordingly, the average energy 
AE transferred from surface to gas atoms per collision is then 


AE= (30/00) f dw?A.A,(v) hv |y(€, nye + hv, n — 1)— y(e,n;€— hv, n + 1)] (9) 
0 


Approximations to the transition probabilities have recently been ap- 
proximately calculated in reference 3. Since the problem under considera- 
tion in reference 3 was not of a statistical nature, simplifications were intro- 
duced which destroyed the symmetry relation (5). Using the initial formulae 
of reference 4 without these simplifications leads to 


v(e, n;€ + hy, nm — 1) = (6.N%)—"(m,/m,)(n/ hy) gle, € + hv) (10) 
where 
gle, e+ hv) = 3mre[e/(e + hv) |? 
with 
n= [(4ed/a)? + 3] = 3. 


The arbitrary parameter d is in the repulsive potential (2). \ is the geometri- 
cal mean of the wave-length of the gas atom before and after collision. 
Substitution of (10) into (9) gives 


AE = (2v9*)—!(m,/msz) J * v?A.A,(v) | ngle,e + hv) — (n + Igle — by, e)}. 
0 














EXCHANGE OF ENERGY 
Application of the first averaging operator gives, according to (7), 


AF = (2v9*)—(m,/ms) f dv v2(eh!*s— 1)", } glege + hv) — ce”! *eg(e — hv,e)}. 
0 


In applying the operator A,, we note in the integration (6) that the lower 
limit of the first term is 0, while that of the second is hv. By changing variables 
in the second term from ¢ to e’+/yv, we obtain 


ve (1 — ele kt,—1 ktg) 


AE = (2y*)“'(m, m) f dy y? ———_——_—_———- A.g(e, e + hv). 


0 a »— 1] 


But by the definition of t,’, AE = }k(t,’ —t,). Hence by (1) 


lim 2AE/k(t, — t,) =a. 


t,t, =t 


We thus have 
a " hv 
a = vo *(m,/ms) f dv y*(e''** — 1)-' —— ~ A.g(e, e + hy). 
0 ) 


The change of variables zs =hv /kt, x = €/kt, and the relation hv» =kO, reduces 


this to 
O/t 33 x x n 
a = 34*(m,/ms)(t ef dz ——— f o*s (— :) dx. (11) 
. 0 ceé— 1 0 Ks 4+ z 


This double integral can be approximately separated if in the second inte- 
gral we give z that value which makes the first integrand a maximum. Then 
a is given by (3), where 


Q(d/r)) = J ge +(—_) dx, (12) 
0 x + Zo 


O/t, O < 3 
3 O>3~ 


with 
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Quantum Mechanics of Lithium Hydride 


By ELMER HUTCHISSON AND MorRIS MUSKAT 
UNIVERSITY OF PITTSBURGH AND GULF RESEARCH LABORATORY 


(Received February 29, 1932) 


Quantum mechanical calculations have been carried through for the normal state 
of the lithium hydride molecule. Two cases were considered. First, the radial eigen- 
function of the valence electron of lithium was taken as nodeless as given by Slater. 
Second, the function derived by Guillemin and Zener with a node at 0.18ao was used. 
In both cases the K electrons of lithium were neglected. The results are as follows: 


Heat of dis- Fundamental 


Type of Equilibrium sociation frequency 
Eigenfunction distance (electron volts (cm7) 
(angstroms) per molecule) 
Slater 1.44 ye 1.4 108 
Guillemin and Zener 1.45 Pe 1.4 108 
Experimental values 1.6 2.56 1.38 X 108 





INTRODUCTION 


OST of the quantum mechanical investigations’ of the interaction of 

two neutral atoms have treated only those atoms which form sym- 
metrical molecules. The present paper deals with the interaction of lithium 
and hydrogen. These elements were chosen for two reasons: first, they 
are the pair of dissimilar atoms of simplest structure; and second, they 
permit an explicit test of the quantitative effect of nodes in the eigenfunctions 
of electrons that are not in 1s states. Thus, calculations were carried through 
both on the assumption that the lithium eigenfunction possesses a node as 
derived by Guillemin and Zener® and on the assumption that the lithium 
eigenfunction is nodeless but is adjusted according to the rules of Slater.” 


THEORY 


While the present calculations were in progress Rosen*® published general 
expressions for the interaction energies of two atoms, each with one valence 
electron. Hence, the final equations used in the numerical computations need 
only be quoted. Formally the combined energy of the two atoms is 


1 W. Heitler and F. London, Zeits. f. Physik 44, 455 (1927). 

2 E. C. Kemble and C. Zener, Phys. Rev. 33, 512 (1929). 

3 J. H. Bartlett, Jr., Phys. Rev. 37, 507 (1931). 

* J. H. Bartlett and W. H. Furry, Phys. Rev. 37, 1712 (1931). 

5 N. Rosen, Phys. Rev. 38, 255 (1931). 

6 V. Guillemin, Jr. and C. Zener, Zeits. f. Physik 61, 199 (1930). 
7 J.C. Slater, Phys. Rev. 36, 59 (1930). 


340 















QUANTUM MECHANICS OF LITHIUM HYDRIDE 


W = fe + 8a + Sa 2 
> - 


Here the upper sign yields the stable molecular state (singlet) associated 
with the symmetrical eigenfunction and the lower sign gives the repulsive 
state (triplet) associated with the antisymmetrical eigenfunction. Ey and 
E,; are the atomic energies of hydrogen and lithium respectively. E,, repre- 
sents the Coulomb interaction of the two atoms and the last terms give the 
exchange energy (the meaning of Ey. and S will be clear from the equations 
given below). 
The hydrogen eigenfunction was taken in the form: 


wy = coe" 


where r represents the distance from the hydrogen nucleus, y is a constant 
that was later set equal to 1/a»9 where ap is the radius of the first Bohr orbit, 
and ¢ is a normalization constant. 

2) 





*u , R 7 


Fig. 1. Illustration of the notation used. 


The lithium eigenfunctions were those given by Guillemin and Zener and 
had the form 


@ = ¢,(r — aR)e*” 


where, here, 7 is the distance from the lithium nucleus, R is the separation 
between the nuclei, a is the constant determining the position of the node 
and is taken, for the numerical computations, as given by: aR=0.18 ao; 
5, too is a constant, and is later assumed to have the value 0.63/ao. Finally 
c, is a normalization constant. When a is set equal to zero the above ¢ reduced 
to the Slater eigenfunctions. 

Denoting by Wi, W2, $1, ¢2 the hydrogen and lithium eigenfunctions for 
electrons 1 and 2 respectively the following expressions were obtained (the 
notation used is indicated in Fig. 1): 


Eu 1. ae » 
— 2 f b:4(radat(r){ — + === —\ andr 


e? Ti2 Tor = a2 
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= Lye (1 + ~~) _ mee . BB Ade) 
=“¢g 4y* 4 
j -1y(€) 1 \ j 2a 
+ B3(8), — - + («a +— ).t0le — B,(g)- («° + “00 
2 2yR | yR 


3 \ j -Is(€) 3 
—la+ —— }A,(e— ¢ + Bi(8),— +(— — @ }.12(€) 
2yR f \ 2 2yR 
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2a 2a? | 
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+ Bo(B/2)(Ae(e/2) — 2aAdy(e/2))} + BolB/2)Ao(e/2) 


+ B,(B/2)} 2A y(€/2) — al o(e/2)! + Bo(B 2) | Ae(e/2) — aA je 2} [re 
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C, may be reduced to a sum of terms s,(m, m, €) with coefficients that are 
functions of B,, (8/2) where: 


x2 AL 
S;(m, n, €) = J QO,(Ar)e7™ 7A, dy J e~*2/2\o"ddo. 
1 1 


COMPUTATIONS AND RESULTS 


The evaluation of the integrals involved in the above expressions was ex- 
tremely tedious. The procedure was to choose first values of the nuclear sepa- 
ration R such that € was integral. The integrals A(€) and A(e€/2) were then 
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Fig. 2. Curves showing the variation of the various energy terms 
with the separation of the atoms. 


taken from the published tables of Bartlett and of Rosen. The values of 
s, (m, n, €) were taken from the published tables of Bartlett® and of W. H. 
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Furry and J. H. Bartlett.’ The B,(8) were computed from By and the recur- 
rence relation: 


BBny1(8) = (n + 1)B,(8) — {e® + (— 1)"e} 


The series for J. was broken off with C; since it was found that 3 C; was of the 
order of 1/15 of Co. 

The results of these computations led, as usual, to a monotonic increase in 
the energy of the triplet state with decreasing R and a pronounced negative 
minimum in the variation of the singlet energy with R. The detailed variation 
of the functions Ey,, Ey, J. and the final interaction energies (Fy, + Fj) / (1 

+S) are shown in Fig. 2, plotted as a function of R. As already mentioned the 
above computations were carried out first with the lithium functions having a 
node at a=0.18 a9/R and the curves of Fig. 2 are the results of these calcula- 
tions. Besides these, however, the same computations were carried through 
with the Slater nodeless eigenfunctions obtained by simply setting a=0 in 
all the above expressions. The resulting modifications in the curves of Fig. 
(2) are small and hence are not drawn. The final constants of the equilibrium 
state, however, are given for both cases in Table I. The experimental values 
as given by G. Nakamura’ are also included. 














TABLE I. 
Heat of 
Type of Equilibrium dissociation Fundamental 
eigenfunction distance (electron volts frequency 
(angstroms) per molecule) (cm7) 
Slater 1.44 2.30 1.4 x10° 
Guillemin and Zener 1.45 2.21 1.4 10° 
Experimental Values 1.6 2.56 1.38 X 108 








As indicated in the table the difference between the results obtained by 
the use of the Guillemin and Zener functions and the nodeless Slater func- 
tions is inappreciable compared with their deviations from the experimental 
values. This fact may be considered as a justification for the use of the simpler 
Slater functions in other first order perturbation calculations of this type. 
The values obtained from either calculation show as good agreement with 
experiment as those obtained for other problems treated by the Heitler and 
London method. 

It is of interest to note that the Sugiura exchange integral J; which is es- 
pecially tedious to calculate is of the same order of magnitude as the other 
integrals occurring in this calculation. For this reason such calculations as 
those made by Starodubrowsky" in which the Sugiura integral was neglected, 
cannot lead to correct results. 

The writers wish to express their appreciation to Drs. Bartlett and Furry 
for the use of their tables of s, (m, n, €) before publication. 


8 W.H. Furry and J. H. Bartlett, Jr., Phys. Rev. 39, 210 (1932). 
*G. Nakamura, Zeits. f. Physik 59, 218 (1930). 
10 P. Starodubrowsky, Zeits. f. Physik 70, 812 (1931). 
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The Effect of Temperature on the Absorption Bands 
of Benzene and Some of Its Derivatives at 
Low Temperatures 


By A. H. Croup 
UNIVERSITY OF PITTSBURGH 


(Received December 30, 1931) 


The ultraviolet absorption spectra of benzene and the derivatives, ortho, meta, 
and para dichlorbenzene, were investigated throughout the temperature range from 
—190°C to 20°C. The behavior of the spectra of the four compounds is very simi- 
lar. They all show a number of unresolved major and minor absorption bands. 
Both the frequency and the intensity of these bands increase with a decrease of tem- 
perature. The temperature-frequency curves are all approximately represented by 
parabolic equations, except in the neighborhood of their melting points. The fre- 
quency difference between the bands remain constant with temperature within the 
limits of the experiment and agree favorably with those found by other spectroscopic 
methods. If these frequency differences are due to the vibrational transitions within 
the molecule, this spectral shift cannot be accounted for on the basis of a change in the 
inner vibrational terms, as has previously been suggested. 


INTRODUCTION 


REVIOUS investigation of the ultraviolet absorption spectra of benzene 
and some of its derivatives has indicated that there was a displacement 
of the bands towards the shorter wave-lengths when the temperature of 
the substance was lowered.'? This same phenomenon has been observed in 
other types of spectra and for substances other than benzene derivatives.** 5. 
In all cases there has been noticed a change in the intensity and shape of the 


bands. 
Cl Ci Cl 
| Cl 
[ Cl 
Cl 


ortho meta para 
benzene dichlorbenzenes 


Fig. 1. 


1 A. Kronenberger and P. Pringsheim, Zeits. f. Physik 40, 75 (1927). 

2 A. Kronenberger, Zeits. f. Physik 63, 494 (1930). 

8 J. Kowalski, “On the Investigations of Phosphorescence of Organic Compounds at Low 
Temperatures”, Phys. Zeits. 12, 956 (1911). 

4 E. L. Nicholas and E. Merrith, “On the Phosphorescent Substances from 20°C to — 190°C 
in Visible Region”, Phys. Rev. 32, 38 (1911). 

5 A. L. Riemann, “On Fluorescence Spectra of Benzene and Some Derivatives at 0°C and 
—190°C”, Ann. d. Physik 80, 43 (1926). 

®O. R. Wulf and E. H. Melvin, “On Absorption Spectra of Ozone”, Phys. Rev. 38, 330 
(1931). 
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The present work was undertaken to determine if possible the nature of 
the displacement of the absorption bands of benzene and the isomeric dichlor- 
benzenes within the temperature range of 20°C to that of liquid air (— 190°C). 
The chemical structures are represented in the usual manner in Fig. 1. 


EXPERIMENTAL PROCEDURE 


The absorption spectra were photographed with a Hilger E1 quartz spec- 
trograph having a dispersion of about 3A per mm in the region of 2500A 
2800A. The source was an underwater spark, the apparatus being similar in 
design to one at the Bureau of Standards.’ Tungsten electrodes about 1/8” 
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Fig. 2. Cross-sectional views of liquid air chamber. 


in diameter were used. The tungsten emission lines, superimposed on the con- 
tinuous background, served as reference lines. The spectrograms were investi- 
gated with a microphotometer. 

The chamber containing the specimens under investigation is shown in 
Fig. 2. It was a modified Dewar flask and consisted of a double-walled brass 
cylinder, the diameters of the outer and inner cylinders being 3” and 2.5” 
respectively, and their corresponding lengths about 2” and 1.5”. Brass plates 
were soldered to the ends of the cylinders, with the exception of the front 
plate of the outer cylinder. This plate was removable to permit access to the 
inner portion, and was accurately ground to fit a flange ring on the outer 
cylinder. The inner and outer cylinders were fastened together by a double- 
walled glass tube about 6” long. The upper ends of the tubes were sealed 
together and the lower ends were ground into iron cones soldered to openings 
in the two cylinders. Thus the only direct connection between the cylinders 


7. R. J. McNicholas, Bureau of Standards Journal of Research 1, 939 (1928). 
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was a glass seal. It was possible to evacuate the space between the two cy- 
linders to about 0.1 mm Hg pressure. 

Into the inner cylinder were inserted two one-inch brass tubes, open at 
both ends and soldered to the end plates. The axes of the tubes were parallel 
to that of the cylinder. One of these tubes contained the specimen cell. The 
other contained an unfilled similar cell so that a comparison spectrum could 
be obtained. Due to the high absorbtivity of the compounds, it was necessary 
to use very thin films between quartz disks. The cell, therefore, consisted of 
two quartz disks pressed together, without the liquid, until interference rings 
were seen. It was then placed in a thin-walled brass cylinder, which had a 
guard ring in one end, and was held in place by a slip ring. The cylinder was 
about 1” long and fitted snugly into the brass tube. To produce a film, a drop 
of the liquid was placed along one edge of the cell from where it flowed be- 























W2397.1 
Fig. 3. Absorption spectrograms of benzene. 
tween the disks as a result of capillary action. In case the substance was a 
solid at room temperature a crystal could be placed along the edge of the 
cell and the whole gently warmed until the melting point of the substance was 
reached. It was estimated that the films produced in this way were about 0.01 
mm thick. 

After the film was formed, the cell was slipped into one of the tubes, the 
front plate put into place and the chamber cooled by pouring in liquid air 
until the substance solidified. The flask was then evacuated and the inner 
chamber cooled to liquid air temperature. After the liquid air had boiled away 
it required about two hours for the inner chamber to reach room tempera- 
ture. 

Temperatures were read by means of a calibrated thermocouple. One 
of the junctions was inserted into the inner cylinder, the other kept at room 
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temperature. A Leeds & Northrup, type IX, galvanometer was included in the 
circuit. Galvanometer readings were made at the beginning and at the end 
of each exposure, which was ordinarily from 30 seconds to one minute long. 
The difference in temperature amounted to about 10° at the lower tempera- 
tures, this gradually lessened as the temperature increased, becoming negli- 
gible from about — 20°C to room temperature. The temperatures recorded 
are probably accurate to 5°. In some cases the spectrograms were taken while 
the cell was being cooled to liquid air temperature as well as while it was 
returning to room temperature. On several of the curves to be discussed 
later, it will be seen that the points obtained while cooling agree quite well 
with those obtained while heating. 


RESULTS 


One of the plates, showing the absorption spectra of benzene, is repro- 


duced in Fig. 3. Fig 4 shows the microphotometer curves obtained from this 
t 
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Fig. 4. Microphotometer curves of benzene. 


plate. The absorption bands are broad and diffuse and may be divided into 
major and minor bands. These have been labeled by capital and small letters 
respectively. No fine structure could be detected at liquid air temperature as 
was reported by Kronenberger and Pringsheim.' The bands are seen to shift 
toward the smaller wave-lengths and become narrower and more intense with 
decreasing temperature, the maximum shift occurring immediately after 
solidification. The minor bands present the interesting feature that they are 
prominent only in the solid state. The peaks of the bands were usually located 
by the intercepts of the tangents to the slopes. By use of this method the trou- 
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bles arising due to the superimposed tungsten lines were largely eliminated, 
except where the bands were very weak. With the type of cell used it was im- 
possible to prevent the vapor bands of benzene from being superimposed on - 
the liquid bands and so only an approximate location of the peaks for the 
liquid bands could be obtained. (This difficulty was not encountered in the 
other compounds.) Table I gives the results for benzene as compared with 


previous data. 


TABLE I. Absorption spectra of benzene (wave-length in angstroms). 








| 





Liquid at 20°C 





Solid at —190°C 


Kronenberger 


and Pringsheim! 





Band | Henri® Author Author 
A 2611 2613 2606 2607 
B 2552 2553 2546 2545 
c 2492 2495 2488 2487 
D 2436 2436 2432 2430 


























The spectrograms and microphotometer curves for the isomeric dichlor- 
benzenes show band spectra very similar to those of benzene. The correspond- 
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Fig. 5. Frequency-temperature curves of benzene. Exposures taken while cell was warming. 


ing absorption bands of these compounds are displaced approximately 100A 
to 140A toward the longer wave-lengths. The separation between major bands 
are greater than are those for benzene as can be seen in Table IT. Only slight 
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Fig. 6. Frequency-temperature curves of para dichlorbenzene. Expo- 
sure taken while cell was warming. 























diem") 
Cc 
38,140 
38, 100 
B 
38,000 o 37,100 
—— \ 


B a 


| \ 
_ ee x P2000 














36,080 — 


a oe 
° 
ee 37,020 
& 




















\ 
36,040 @ RS ; 5 36,980 
| “Qs [Nn 
36,000 | y 
\ 
35,960 : — ‘ 
\o 
| Ne 
0 100 200 2560 300°K 
Temperature m.p. 


Fig. 7. Frequency-temperature curves of ortho-dichlorbenzene. Crossed circles: exposures 
taken while cell was cooling. Circles: exposures taken while cell was warming. 
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irregularities with temperature change appear in these bands. The minor 
bands of para dichlorbenzene, which is a solid at ordinary temperatures, do 
not appear until the temperatures are quite low. Also one of the major bands 
of meta dichlorbenzene practically disappears when the substance freezes, 
reappearing again at low temperatures. 


TABLE IT. Average wave-number differences between absorption bands with 
average deviations in cm™, 











Substance VB—VA ¥vC—V¥B vD—vC 
Benzene 93447 918 +3 935 +6 
Para dichlorbenzene 1051+9 1078 +2 
Ortho dichlorbenzene 1020+8 1043 +13 


Meta dichlorbenzene 990 +9 413 +9* 583 +8t 











* Difference between major band A and minor band a. 
+ Difference between minor band a and major band B. 


The spectral position of these peak frequencies are plotted against tem- 
perature in Figs. 5, 6, 7 and 8. The manner in which the solid lines were ob- 
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Fig. 8. Frequency-temperature curves of meta dichlorbenzene. Crossed circles: exposures 
taken while cell was cooling. Circles: exposures taken while cell was warming. 


tained is explained below. In the case of benzene there is indication of a slight 
dip in the curve at about 170°K. It first seemed that the separations of the 
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individual bands of a particular compound varied slightly with temperature. 
However, when the difference in frequency between bands at a given tem- 
perature was plotted against temperature, no variation could be detected 
within the limits of uncertainty of the experiment. The probable error 
obtained from these differences averaged over the temperature range was no 
greater than one percent in any case. Table II shows these average differences 
in wave-numbers with their average deviations. 

If, as seems probable, the frequency, or wave-number, difference is con- 
stant with temperature, all the bands of a particular compound may be super- 
imposed on each other by a frequency shift of the individual curves to give an 
average curve. From liquid air temperature to about 40° below their melting 
points, these curves may be represented approximately by parabolic equa- 
tions of the form 


veatoT +c? (1) 


where a is the expected frequency at 0O°K. 
The solid curves in Figs. 5, 6, 7 and 8 were plotted by use of the equation 
and values given in Table III. 








TABLE IIT. Constants for the equation v=a+6T+cT®. 





a b . Cc 
Substance Band cm! em °K! em °K- 
Benzene A 38 ,367 
B 39 301 +0 .060 —().001122 
Cc 40,219 
D 41,154 
Ortho dichlorbenzene A 36,064 
B 37 094 +0 .044 —(0.0013 
"4 38,142 
Meta dichlorbenzene A 36,078 
a 36,486 —0.137 —0.00142 
B 37 ,068 
Para dichlorbenzene A 35,701 
B 36,756 +0.075 —0.0018 
C 


37 ,830 














In the neighborhood of the melting points there are insufficient data to 
determine whether the curves are continuous, as indicated by the dotted 
lines, or whether they are discontinuous at the melting points. 

It is of interest to compare the differences between absorption bands at 
liquid air temperature with those values obtained by other spectroscopic 
methods. (Table IV). 

It is generally accepted that, in the case of emission spectra, these wave- 
number differences represent certain interval vibrational frequencies within 
the molecule while in a lower electronic state. In the case of ultraviolet ab- 
sorption spectra, the bands should be due to electronic transitions from the 
lowest electronic level to the second level. That practically all the molecules 
should be initially in the lowest state is shown by a brief consideration of 
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TABLE IV. Comparison of band differences obtained at —190°C with results obtained by 
other methods. 











(Wave-numbers in cm) 


Av. Av Other 
Substance at —190°C Raman"! Methods 
Benzene 929 991 924! 921* 
Ortho 1031 1037 1080+ 
Dichlorbenzene 473 474 
Meta 998 996 
Dichlorbenzene 414 394 
Para 1063 1070 1080t 


Dichlorbenzene 725 743 











* From vapor spectra by Henri,* also from fluorescent spectra by Shapiro.* 

{ From tesla-luminescent spectra by Russell and Stewart." 
the Maxwell-Boltzmann distribution law for the conditions of the experi- 
ment. Thus the wave-number differences would then represent corresponding 
vibrational frequencies in the second electronic state. Hence, it is not to be 
expected that the values shown in Table IV should necessarily agree. 


CONCLUSION 


No satisfactory explanation has as yet been found for this temperature- 
frequency shift. In general, the experimental results agree with what might be 
expected, i.e., due to a decrease in temperature the molecule contracts, result- 
ing in an increase of the molecular forces and thus an increase in frequency. 
But is it the electronic, vibrational, or rotational levels that are effected? Ap- 
parently, from the experimental evidence, the vibrational transitions are un- 
effected by temperature. This leaves the electronic and rotational transitions 
as possibilities. Although the electronic transitions constitute the major 
portion of the frequency terms and therefore might be expected to offer the 
least resistance to external disturbances, there is still a question as to whether 
they too are not as stable as the vibrational frequencies. The wave equation 
for the rotational motion of the benzene ring leads to a complicated and, as 
yet, unsolved set of Mathieu functions and whether a solution of these would 
lead to a positive result is not known. 

The writer wishes to express his appreciation to Dr. W. N. St. Peter under 
whose direction this investigation was conducted, and to Dr. E. Hutchisson 
for his interest and assistance in the preparation of the paper. 


§ V. Henri, J. de Phys. et le Rad. 3, 181 (1922). 

®C. V. Shapiro, Nature 124, 372 (1929). 

10 A. Russell and A. W. Stewart, J. Chem. Soc., Nov. 1929. 

1 Values taken from tables given by A. Dadieu and K. W. F. Kohlrausch, J. O. S. A. 21, 
286 (1931). 
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Absorption Band Spectra of Germanous Sulfide: 
The Isotopic Constitution of Germanium':’ 


By C. V. SHapiro,’ R. C. Gipss AND A. W. LAUBENGAYER 
DEPARTMENTS OF PHyYsiICs AND CHEMISTRY, CORNELL UNIVERSITY 


(Received February 24, 1932) 


The absorption spectrum of GeS has been photographed with a 6 foot grating. 
Two band systems were found in the ultraviolet, the first lying in the region 3358 
2709A, the second in the region 2782—2464A. All of the bands are degraded toward the 
red. The first system consisted of sharp heads, in which the vibrational isotope effect 
was clearly resolved. Rotational structure could also be observed but only at a con- 
siderable distance from the heads. The three abundant isotopes of germanium, 74, 72 
and 70, and one of the five less abundant isotopes cited by Aston, 76, were recognized. 
The vibrational analysis led to the following equation for the bands due to Ge*'S:— 


v = 32889 .5 + 374.99(v’ + 1/2) — 1. 514(0’+1/2)?— 575. 80(0" + 1,2) +1. 80(0"+ 1/2)" 


The band heads of the second system, for which no isotope analysis was possible be- 
cause of the low intensity and poor contrast of the bands, can be fitted by the equa- 
tion:— 

v = 38890 0 + 310. 4(v’ + 1/2) — 1.35(0’ + 1/2)? — 575.8" + 1/2) +1.8@"+ 1/2). 
Direct extrapolation of the vibrational constants leads to the following values for 
the energies of dissociation: for the normal state, common to the two electronic transi- 
tions, 5.65 volts and for the two excited states, 2.84 and 2.17 volts respectively. Assum- 
ing that the products of dissociation from the normal state are normal atoms, calcula- 
tion yields for the atomic excitation energy of the dissociation products from the ex- 
cited state, an average value of 1.27 volts. Both Ge and S have a 'D,» low-lying, meta- 
stable level arising from their basic configurations, the energy values for which are 
0.88 volts for Ge and 1.18 volts for S (estimated by McLennan). 


INTRODUCTION 


P TO the present time, no band spectra of germanium have been re- 
ported in the literature, though Hartley and Ramage’ have mentioned 
the occurrence of bands in flame spectra of this element without recording 
their wave-lengths. Some experiments, undertaken by other investigators in 
our Physics Laboratory, using the flaming arc, have yielded banded spectra 
in the ultraviolet, presumably due to GeO, while in the Schumann region 
some unidentified bands have been observed in the spectrum of a Schuler 
lamp containing metallic germanium and operating with helium. 
Germanium, like carbon and silicon, exhibits a primary valence of four, 
althou gh a few compounds containing the divalent form are known. Recently 


1 The investigations on which th’s article is based were supported by grants from the 
Heckscher Research Foundation, established by August Heckscher at Cornell University. 

2 A preliminary report was presented at the Washington meeting of the American Physical 
Society, May, 1931. Phys. Rev. 37, 1709 (1931). 

’ Heckscher Research Assistant in Physics and Chemistry. 

* Hartley and Ramage, Trans. Roy. Dublin Soc. (2) 7, 339 (1901). 
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Dennis and Hulse’ have described the preparation in a pure state of GeO and 
GeS, samples of which were kindly made available to us. Both of these com- 
pounds are solids but can be sublimed at temperatures of 710° and 430°C 
respectively. The analogous compound of carbon, CO, shows weak, banded 
absorption® near 2000A (Cameron bands) and very strong absorption’ below 
1600A. CS is not a stable molecule in the chemical sense, hence no absorption 
spectra are known for it. Emission bands attributable to this molecule have 
been obtained by Jevons* in a Geissler discharge through CS: vapor. It was 
to be expected that GeO and GeS would show absorption in the middle ul- 
traviolet, in accordance with the universal observation that in passing down a 
given column of the periodic table, corresponding electronic transitions, both 
atomic and molecular, suffer a shift toward longer wave-lengths. 

Preliminary experiments with GeO gave weak indications of a banded 
absorption spectrum between 2900 and 2500A, but the presence of a very 
strong continuous spectrum over this part of the ultraviolet rendered measure- 
ments impossible. It was evident that the quartz windows were being at- 
tacked by the GeO at the high temperatures necessary to obtain a sufficient 
vapor density, 600-650°C, resulting in the formation of a glaze® that served 
to reduce their transmission to a very large degree. It is hoped, however, by 
the use of a different technique, to obtain this spectrum with better definition. 
GeS, with its lower subliming temperature, proved more satisfactory under 
the conditions of the experiment and showed two extensive systems of absorp- 
tion bands, centering around 3000A and 2500A. There was, nevertheless, some 
evidence of attack on the quartz windows, which was responsible in part for a 
continuous absorption beginning at 2800A and extending with increased 
intensity toward shorter wave-lengths. Doubtless this continuous absorption 
was also due in part to the continuous spectrum proceeding from the con- 
vergence limit of the band system lying at longer wave-lengths. 

The isotopic constitution of germanium has been investigated by Aston,’ 
who lists 8 species having the following relative abundances: 

70 3 #71~)~«©72 73 #74 #%7 #7 £477 
56.23 4.36 72.44 26.30 100 6.45 17.37 2.00 


The analysis of the band-spectra data below leads to the recognition of the 
species, 70, 72, 74 and 76. While the bands due to the isotopes 71 and 73 
would be somewhat difficult to observe, since they should fall between the 
very strong bands of the more abundant isotopes, 70, 72 and 74, the bands 
due to 75 and 77 should be obtainable. It will be necessary, however, to use 
higher vapor pressures, or longer vapor paths than have been available in the 
present research in order to bring out these very weak bands, if they exist. Ina 


previous investigation of the isotopes of germanium,’ Aston has remarked, 








5 Dennis and Hulse, Jour. Amer. Chem. Soc. 52, 3553 (1930). 

6 Hopfield, Phys. Rev. 29, 356 (1926). 

7 Leifson, Astrophys. J. 63, 73 (1926). 

8 Jevons, Proc. Roy. Soc. 117, 351 (1928). 

® Aston, Proc. Roy. Soc. 132, 487 (1931). 

%” Aston, Nature 122, 167 (1928). Also Proc. Roy. Soc. 130, 302 (1930). 
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in connection with the fact that germanium tetraethyl was used in the dis- 
charge chamber of the mass spectrograph, that the possibility of hydride for- 
mation “cannot be entirely ruled out” as a source of error in the interpreta- 
tion of the results. The abundance ratios, quoted above, were obtained by 
the use of germanium tetramethyl, which also contains hydrogen, but which 
Aston found to be more satisfactory than the tetraethyl compound. 


EXPERIMENTAL 


The absorption spectra were obtained by passing the light from a hydrogen 
discharge tube through the vapor of GeS. The salt was contained in an evacu- 
ated quartz tube, 20 cm in length, which was placed in the center of an insu- 
lated, cylindrical furnace, 40 cm long, whose ends were closed by quartz 
windows. The hydrogen discharge tube was patterned after that described by 
Lawrence and Edlefsen."' It was completely immersed in circulating cold 
water and operated with a current of one ampere at 2000 volts. It was further 
fitted with a palladium tube, through which hydrogen could be admitted as 
needed to keep the discharge at its maximum brightness, a condition which is 
attained when the Hg pressure is sufficiently high, so that the discharge com- 
pletely fills the cross section of the tube. The use of the palladium tube does 
away with the need for bulky ballast bulbs and provides for continuous opera- 
tion over an indefinite period with a minimum of attention. Spectrograms 
were obtained in the first order of a 6 foot grating on a Rowland mounting, 
which gave a dispersion of 4.6 A/mm. An iron are spectrum served as com- 
parison. The plates were measured on a Gaertner comparator, a few being 
checked on a new precision comparator built for us by Mr. D. W. Mann of 
Cambridge, Mass. 

The absorption bands of GeS were obtained at a temperature of about 
450°C and were distributed between 3360 and 2460, falling clearly into two 
groups which overlapped slightly in the vicinity of 2750A. The bands are 
degraded toward the red and for the most part have sharp edges, although 
at the short wave-length end of the first system, where overlapping of bands 
becomes frequent, a number of the heads appear diffuse. A large number of 
rotational lines were observed but since they were resolved only at relatively 
large distances from the band origins, with the heads of overlapping bands 
frequently falling between, no attempt at measurement was made. About 400 
band heads were measured, of which approximately 220 have been assigned, 
among the several isotopes, to the vibrational scheme of the band system 
whose origin lies at 3040.5A. The bands in this region, which could not be 
assigned, have for the most part very low intensities, do not show the charac- 
teristic isotope resolution of the other bands and do not appear to lend them- 
selves to arrangement in a vibrational scheme. They may be due to impuri- 
ties. The bands lying further to the ultraviolet and in a separate group show 
the same vibrational frequencies for the normal state as the first system 
and so can safely be attributed to the GeS molecule. However, owing to the 
strong, overlying continuous spectrum, these bands are quite weak and lack- 


1 Lawrence and Edlefsen, Rev. Sci. Instruments 1, 45 (1930). 
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ing in contrast and it has not been possible to recognize the separate heads 
due to the three abundant isotopes, 70, 72 and 74. 


VIBRATIONAL ANALYsIS 


In Table I are given the wave-lengths in air, averaged from several plates, 
wave-numbers in vacuum, calculated wave-numbers and intensities of the 
band heads constituting the first system. The data are arranged in groups 
for the sequences Av = —5 to +13 and in separate columns for the four mole- 
cules, Ge®S, Ge™S, Ge®S and Ge?°S. Band heads for each isotope for a given 
vibrational transition have not always been found in the case of many of the 
weaker bands. This is due, in the majority of instances, to the weak band 
falling in a region of strong absorption in the vicinity of an intense band or 
among the rotational lines of such a band. The calculated values were ob- 
tained from the following equation for the most abundant molecule, Ge™S :— 


v= vet we (v’ + 3) — wel xe (ov! + 4)? — wel’(0"” + 3) + exe (v" + 3)? 
Ge™Siv = 32889.5 + 374.99(0' + 4) — 1.514(v’ + 3)? — 575.8(0” + 3) 
+ 1.80(v” + 4)2. 


The equations for the other three isotopes were computed from the theory 
of the vibrational isotope effect, as developed by Loomis” and others, by 
means of the relations: 

w,' = piw,'4 and w ix, _ piw,'tx,"4 


the superscript, 7, referring to the isotope in question. p is defined as (u/p')'”, 
K being the reduced mass of the reference molecule, Ge™S, and y‘ that of the 
isotopic molecule. The values of p and p? for the several molecules are: 


9 


p p- 
Ge?°S 1.00859 1.01725 
Ge??S 1.00419 1.00839 
Ge®S 0.99602 0.99206 
The resulting vibrational equations for these molecules are as follows: 
Ge™S:v = 32889.5 + 378.21(v' + 4) — 1.54(0’ +3)? 
— 580.75(0"” + 4) + 1.831(0” + 3)?. 
32889.5 + 376.56(v’ + 3) — 1.527(v' + 3)* 
— 578.21(v"” + 3)2+1.815(0" + })?. 
32889.5 + 373.489(0’ + 3) — 1.502(0’ + 3)? 
— 573.51(v" + 3) + 1.786(0"” + 4). 


Ge?S:p 


ll 


Ge™®Sip 


No evidence of bands due to molecules containing the sulfur isotopes, S* and 
5", was obtained but as these two together are present in an abundance of 


® Loomis, Bull. Nat. Res. Council 11, 260 (1926); Birge, Trans. Far. Soc. 25, 718 (1929), 
Phys. Rev. 35, 133 (1930). 
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but 3 percent as compared to 97 percent for S*- higher vapor pressures or 
longer vapor paths would again be required. The most favorable combination 
to look for would be Ge™S*, whose bands would appear on the high frequency 
side of the strong bands of the v’’ progression (v’=0), where there is prac- 
tically no other absorption. The relatively large values of p=0.9793 and 
p> =0.9589 would bring these bands well away from even the heaviest of the 
weak Ge isotopes, 77. 

The proper assignment of vibrational quantum numbers to the bands of 
this system was rendered simple by the existence of the isotope effect, especi- 
ally since the three chief isotopes have comparable intensities. Theoretically 
the separation is zero at the origin of the system (v’, v’’ = —1/2, —1/2) and 
increases almost proportionately with the distance from this point. The pres- 
ence of the fairly intense v’’ progression (v’=0) with six members at the long 
wave-length end of the system, where overlapping of the vibrational bands 
was least and in which the isotopes were clearly resolved for all the bands ex- 
cept v’, v’’=0, 0, led at once to the correct assignment. The agreement be- 
tween the calculated and observed isotope separations for this group is shown 


in Table IT. 


TABLE II. Jsotope separations in cm™ for the v'' progression (v' =0). 








| Ge®!S —Ge*S | Ge?'S —Ge?S | Ge#¥S—GeS 

Cale. Obs. | Calc. Obs. | Cale. Obs. 
0 0 —0.4 0.4 — 0.9 — 
01 | 2.6 | 2.8 4.0 5.8 7.4 
02]; -4.9 —4.4 5.2 3.8 10.6 9.8 
o3 | -7.! —5.7 7.5 7.5 15.4 15.4 
0 4 ~9.3 —8.6 9.7 9.2 20.1 19.9 
0 5 —11.3 ~14.0 12.0 11.7 24.7 24.7 








The intensities listed in Table I are visual estimates, averaged from ob- 
servations on several plates. These estimates are subject to three sources of 
error: (1) overlapping of bands, (2) blending of isotope heads near the origin 
of the system and (3) presence of continuous spectrum. The general distribu- 
tion of intensities, as shown in Table III, is roughly that to be expected on 
the Franck-Condon theory“ for transitions where there is a relatively large 
change in the vibrational frequency in passing from the normal to the excited 
state, due account being taken of the Boltzmann distribution which governs 
the proportion of molecules in the several vibrational levels of the initial 
state. A definite anomaly to be noted, however, is the failure of the 4, 1 band 
to appear, although the neighboring bands (see Table III) are all strongly 
developed. Careful search for this band was made on all the plates taken but 
with no success. 

It was of some interest to see how the abundance ratios of the several 
isotopes, as determined by their intensities in those bands in which they 
were clearly resolved, agreed with the mass spectrograph results of Aston.® 


'8 Aston, Proc. Roy. Soc. 115, 504 (1927). 
4 Mulliken, Rev. Mod. Phys. 2, 79-83 (1930). See discussion of his type IV. 
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In making such an estimate, account must be taken of the fact that on the 
high frequency side of the system origin the order of the isotopes (counting 
in the direction of the degradation of the bands, i.e., toward low frequencies) 
is 70, 72, 74 and 76, while on the low frequency side of the origin, the order is 
reversed —76, 74, 72 and 70. Hence the error in the intensity estimate due to 
the overlapping of the bands is in different directions on the two sides of the 


TABLE III. Jntensity distribution of absorption bands of GeS in system I. 








? 
c 


0 1 2 3 4 5 6 7 8 
v , 
0 5 6 3 4 3 1 
1 7 8 2 2 0 000 
2 | 7 8 1 1 1 0 
3 | 7 3 2 1 0 1 00 
4 6 4 1 0 1 
5 5 2 3 0 1 
6 | 3 2 1 2 
7 3 2 1 0 00 0 1 
8 2 2 2 00 2 0 
9 | 1 2 1 0 
10 | 0 1 1 1 00 
11 | 00 0 1 1 00 1 
12 0 1 1 1 1 
13 0 0 1 1 1 00 1 
14 00 0 1 1 0 1 
15 0 0 1 0 
16 00 0 0 0 
17 00 ) 
18 0 1 1 
19 | 00 1 1 
20 00 0 1 








origin. By averaging the isotope intensities for 30 different bands (30 different 
values of v’, v’’), equally distributed on both sides of the origin, the following 
relative intensities were obtained, comparison being made with rounded 
figures from Aston’s data: 


76 74 72 70 
From intensity data 11 100 68 61 
From Aston’s data 17 100 72 56 


The agreement with Aston’s results is reasonably good under the circum- 
stances. 

Table IV lists the band heads which have been assigned to the second 
system of absorption in GeS, the calculated values being derived from the 
frequency equation: 


vy = 38890.0 + 310.4(v’ + 4) — 1.35(0' + 4)? — 575. 8(0" + 3) +1.8(0" + 4)? 


Because of the faintness of these bands and the lack of contrast, no structure 
could be observed at the heads and hence no evidence of the isotope effect 
obtained. It is clear, however, from the identity of the vibrational frequency 
of the normal state with that for the first system (see Ge™S), that these bands 
are also due to GeS. Further, the vibrational frequency of the excited state 
is of the same order of magnitude as in the first system, 309.6 cm- as com- 
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TABLE IV. Wave-lengths in air and wave-numbers in vacuum for the 
2579.4A band system of GeS. 





v’ v’’ I d v (obs.) v (calc.) 





1 5 0 2758.6 36239 36240 
0 4 00 2739.4 36493 36490 
0 3 0 2697.5 37060 37052 
3 5 00 2713.2 36846 36847 
2 4 00 2694.3 37104 37103 
1 3 2 2675.5 37365 37359 
0 2 3 2657 .4 37619 37617 
4 5 0 2691.6 37142 37147 
2 3 3 2653.8 37670 37664 
1 2 2 2635.8 37927 37924 
0 1 2 2618.0 38186 38185 
3 3 2 2632.8 37971 37967 
2 2 3 2615.0 38230 38229 
1 1 2 2597.0 38494 38493 
4 3 00 2612.2 38270 38266 
3 2 3 2594.5 38532 38532 
2 1 1 2576.7 38797 38798 
1 0 0 2559.0 39066 39065 
4 2 2 2574.5 38831 38831 
3 1 1 2556.7 39101 39100 
2 0 1 2539.3 39370 39370 
5 2 1 2554.9 39129 39128 
4 1 1 2537.4 39399 39400 
3 0 00 2520.3 39666 39672 
6 2 2 2535.9 39422 39422 
5 1 1 2518.2 39699 39697 
4 0 00 2501.6 39963 39972 
6 1 1 2499.7 39993 39991 
10 4 00 2534.2 39449 39446 
7 1 0 2481.8 40281 40282 
6 0 BI 2464.3 40568 40563 
8 1 0 2464.3 40568 40571 
7 0 BI 2446.9 40856 40855 
10 2 BI 2464.3 40568 40572 
9 1 0 2446.9 40856 40857 
8 0 BI 2429.9 41141 41143 
11 2 Bl 2446.9 40856 40853 
10 1 0 2429.9 41141 41141 
9 0 BI 2413.3 41424 41427 
11 1 0 2413.3 41424 41421 











pared with 374.99 cm-!. The intensity distribution, Table V, is generally 
similar, although no reliance can be placed on the individual intensity esti- 
mates because of the strong overlying continuous absorption. 








364 SHAPIRO, GIBBS AND LAUBENGAYER 


Tas_e V. Intensity distribution of absorption bands of GeS in system I]. 














ig 0 1 2 3 4 5 
v i." Se 

0 2 3 0 00 

1 0 2 2 2 0 

2 1 1 3 3 00 

3 00 1 3 2 00 

+ 00 1 2 00 0 

5 1 1 

6 Bl 1 2 

7 Bl 0 

8 Bl 0 

9 Bl 0 

10 0 Bl 00 

11 0 Bl 











ENERGY OF DISSOCIATION 


Owing to the relatively small values of “x” in the vibrational equations 
of the normal and excited states of GeS in both electronic transitions, a direct 
extrapolation to obtain the energies of dissociation is necessarily a long one 
and hence quite unreliable.“ If, however, both the normal and excited states 
behave similarly in the course of the extrapolation, it should be possible to 
deduce a reasonably accurate value for the excitation energy of the products 
of dissociation, since that depends on the difference between D’ and D’’, 
Table VI lists the values of vo, D and E for the two electronic transitions, in 
units of electron-volts. E is the excitation energy of the atoms after dissocia- 
tion from the excited state on the assumption that dissociation from the 
normal state results in two normal atoms, and is defined by the relation: 


E = hvo — dD, — Dy", 
where hv is the energy of the electronic transition. 


TABLE VI. Heats of dissociation and excitation energy for GeS. 











hvo D' pp” E 
Transition I 4.05 2.84 5.65 1.24 
Transition II 4.78 a.uF 5.65 1.30 








The values of E, 1.24 and 1.30 are sufficiently close to indicate that the 
products of dissociation from transitions I and II may be identical. This 
energy may exist as atomic excitation energy either of the germanium or of 
the sulfur, or may be divided between the two. The basic configurations of 
Ge, (s*p*), and of S, (s?p*), lead to a similar set of levels for both atoms, vz., 
®Po1.2 De and 'So, of which the 'Dz and 4S» levels are metastable. The *P in 
sulfur is inverted. Energy values for these levels have been determined by 


% Birge, Trans. Far. Soc. 25, 707 (1929). 

© In the preliminary report, Ref. 2, E was given as much higher, because of an incomplete 
analysis of the isotope effect and an incomplete assignment of the bands, which led to a larger 
value for the anharmonic factor for the normal state than the final one now reported. 
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Gartlein"’ for Ge and by Hopfield** for the *P of S, while McLennan and Craw- 
ford’ have suggested values for the ‘Dz, and 'S» of S by extrapolation methods 
which are not very reliable.*” These results are listed in Table VIT. 














TABLE VII. 
3Py 3Py 8P, 1D» 1S 
SI 0.071 0.049 0 1.18 3.17 
Ge I 0 0.069 0.174 0.88 2.02 














The average value of E, 1.27 volts, agrees best with the 'D, of sulfur with the 
possibility remaining that the germanium atom may be simultaneously 
excited up to one of the higher levels of its *P multiplet. 


17 Gartlein, Phys. Rev. 31, 782°(1928). 

18 Hopfield, Nature 112, 437,]790!(1923). 

19 McLennan and Crawford, Nature 124, 874 (1929). 
20 Frerichs, Phys. Rev. 36, 406 (1930). 
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The Absorption Spectrum of Iodine Monochloride 
in the Near Infrared 


By ORRELL DARBYSHIRE 
ARMSTRONG COLLEGE, NEWCASTLE-ON-TYNE 
(Received February 8, 1932) 


Previous analyses of the absorption spectrum of ICI vapour were confined to the 
region \6940 to A5736A where, at normal temperature, it consists chiefly of two v’ 
progressions (v’’=0 and v’’=1). No bands of these progressions for which v’<7, 
v'<6, respectively, were measured, so that the determination of wo’ involved a fairly 
long extrapolation which, in view of the non-linearity of the w,’, v’ relationship, was 
somewhat untrustworthy. Only a few bands of the v’’=2 progression were measured 
and consequently the values of wo’’x’’ and wo’’ required further examination. By 
raising the temperature of IC] vapour to 400°C and suitably adjusting the pressure 
the absorption spectrum between \6750 and \8770A has been photographed. In this 
region the spectrum consists of portions of seven progressions for which v’’=1 
to v’’=7, the v’’=0 progression not being appreciably developed. Values of «,’ 
from v’'=2 to v’=9, and of w,’’ from v’’=1 to v’’=6, have been determined. 
Graphical extrapolation of two units of v’ gave wy’ as 209.7 cm and assuming a linear 
wy’’, v’’ law, wo’’ was found to be 383.0 cm™. The values of wo’ and wy’’ given by 
Patkowski and Curtis were 223.7 cm™ and 382.0 cm™ respectively. It appears that 
Wilson's value for the convergence limit of the v’’ =0 progression is about 90 cm too 
high. The dissociation energy for the normal state as found by extrapolation from the 
lowest eight levels is some 5700 cm™ units greater than the energy required to disso- 
ciate the molecule by raising it to the higher state and increasing the energy in that 
state, so that there is a crossing of the potential energy curves. The possible significance 
of this with regard to the products of dissociation from the lower state is discussed. 
Bands of the v’’=3, 4, 5 progressions of the ICl;; spectrum have been identified and 
for them the isotopic shifts are opposite in sign to that of the higher v’ members of 
the v’’=0 progression previously recorded. Examination of the G’, w,’ data showed 
that a third parabola, in addition to the two previously recorded by Curtis and 
Darbyshire, is now required to represent the observations. The revised values of vi- 
brational and related constants for the ICI molecule are as follows (in cm™ units): 


wo’ = 209.7, w,’ = 212.3, wo’ = 383.0, w,’ = 384.6, 
vhead = 13655.3(1.686 Volt), ve! = 13742(1.695V), 


? 


‘7 
’ 


Yoon, = 17343(2.139V), Do’ = f “ond? = 3690(0.455V) 


Do" (extrap.) 


23069(2.847V), Do” — (Do’ + »®) = 5724(0.706V). 


INTRODUCTION 


N RECENT years the absorption band spectrum of ICI has received con- 
siderable attention from experimental and theoretical physicists. In the 
visible region it has been photographed and analysed by Gibson and 
Ramsperger,' Wilson,? Patkowski and Curtis.’ In this region the spectrum of 


1 G. E. Gibson and H. C. Ramsperger, Phys. Rev. 30, 598 (1927). 
2 E. D. Wilson, Phys. Rev. 32, 611 (1928). 
8 J. Patkowski and W. E. Curtis, Trans. Faraday Soc. 25, 725 (1929). 
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the ICl;; molecule consists of portions of four progressions (v’’ =constant) 
the longest of which (progression I) proceeds, according to Wilson, to con- 
vergence near \5736A. Progressions II and III are displaced with reference 
to I about 380 and 760 cm~ to the red respectively. Under normal conditions 
progression IV is weak and though several members of this progression were 
identified by Patkowski and Curtis no measurements have yet been recorded. 
A portion of the spectrum of the ICl;; molecule in the visible has also been 
been measured by the same workers although Wilson did not recognize it as 
such. 

From observations of the effect of temperature on the relative intensities 
of I and II and calculations based on the Maxwell-Boltzmann formula ap- 
plied to the distribution of vibrational energy among the v’ progressions, Gib- 
son concluded that for progression I v’’=1. The implication was that mole- 
cules in the lowest vibrational state are not, on excitation, raised to other 
quantised energy levels but are dissociated, so that instead of bands continu- 
ous absorption results. According to Kuhn‘ this was the case for chlorine. 
By methods based on the isotope effect Patkowski and Curtis* have estab- 
lished that Gibson and Ramsperger were in error and that for progression I 
v’’=(0. More recently, Birge® has shown that Kuhn’s result for Cl, is incorrect 
and that in this case also the first progression must be due to molecules in the 
lowest vibrational state (v’’ =0). 

Curtis and Darbyshire® have pointed out the difficulty of deciding the v’’ 
numeration by measuring the relative intensities of a band at two tempera- 
tures. Using a method which depended on the recognition of equal intensities 
at two temperatures and which was free from other possible sources of error 
common to Gibson and Ramsperger’s and Kuhn’s methods they attempted 
to determine the cause of the inconsistency between the results obtained by 
the temperature variation and isotope methods. It was found that superposed 
on the band absorption was a continuous absorption which increased with 
temperature. Allowing for this by measurements made by means of a self- 
recording microphotometer there was strong evidence to support the con- 
clusion previously reached by Patkowski and Curtis, namely that it was pro- 
gression II and not progression I which was to be identified with v’’ = 1, and 
that the first and longest progression originates in the lowest vibrational 
state, v’’=0. 

For the determination of the absolute numeration of the upper levels the 
temperature method is not available but in favorable cases it may be deduced 
by analysis of the fluorescent spectrum or from measurements of separations 
of isotopic band heads. The latter method was applied to ICI by Gibson’ and 
by Patkowski and Curtis,’ substantially the same conclusion being arrived 
at by both pairs of workers. In this paper the v’’ and v’ numeration used is 
that found by Patkowski and Curtis. 


4H. Kuhn, Zeits. f. Physik 39, 77 (1926). 

5 Private communication to Professor Curtis. 

6 W. E. Curtis and O. Darbyshire, Trans. Faraday Soc. 117, 78 (1931). 
7 G. E. Gibson, Zeits. f. Physik 50, 692 (1928). 
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Under normal conditions of temperature and pressure bands of progres- 
sion I for which v’<7 and bands of progression II for which v’ <6 are too 
weak to be measured. Calculation based on the Maxwell-Boltzmann formula 
gives the result that when the pressure is maintained constant and the tem- 
perature raised from 15°C to 200°C I should decrease in intensity, II should 
remain unchanged whilst II] and higher progressions should be strengthened 
(reference 6, Table I and Fig. 2). This was verified experimentally. It is to 
be expected therefore that by raising the temperature of the ICI considerably 
and increasing the pressure the lower v’ members of the higher progressions 
might be developed. It was thought possible in this way (1) to confirm 
directly the accepted v’ numeration, (2) to extend the known w,’ values to 
v’=0, so making more complete the w,’, v’ curve, of importance for the cal- 
culation of dissociation energy,’ (3) to determine wy’, wo’’ directly so that the 
vibrational constants of the [Cl molecule might be determined more accur- 
ately than those previously obtained by extrapolation, (4) if several higher v’ 
progressions are developed, to examine the variation of the w,’’ values with 
v’’ (5) to determine whether for values of v’ <9 the G’, w,’ parabola is identical 
with that found from v’=9 to v’=18, that is, whether the corresponding law 
of force holds right down to the lowest levels in the excited state. 

EXPERIMENTAL PROCEDURE 

The tube containing the ICI vapor was the one previously used by Curtis 
and Darbyshire.® It was of Pyrex, 240 cm long, 2.5 cm in diameter, and had 
a side tube about 20 cm long and 5 mm internal diameter bent twice at right 
angles and containing ICI. Previous experience had proved that much of the 
trouble due to dissociation was a consequence of insufficient drying and that 
it was advisable to leave a little P.O; in the apparatus permanently between 
the main tube and the reservoir. According to Gibson I; bands are strongly 
in evidence above 200°C but with the above apparatus it was found that a 
temperature of 400°C could be maintained indefinitely without any trace of 
dissociation. Immediately in contact with the tube was wound uniformly a 
length of fine copper wire of resistance 7.97 ohms at 18°C. Around this was a 
layer of asbestos, then a heating coil of nichrome wire evenly spaced except 
near the ends where the windings were closer and wound over metal tubes 
provided with glass windows to prevent condensation on the tube windows. 
Over the heating coil was additional asbestos lagging. Measurement of the 
resistance of the copper wire made it possible to estimate fairly accurately 
the temperature of the ICI. The vapor pressure could be varied by means of a 
subsidiary heating coil wound on an insulated metal sheath enclosing the side 
tube the temperature of which was indicated by a thermometer in contact 
with it. 

The source of light was a Neron pointolite of 100 c.p. run at 1.8 amp. A 
lens of focal length 5 cm directed a fairly parallel beam along the axis of the 


® The notation used in this paper is that recommended by Mulliken (Reviews of Modern 
Physics 2, pp. 60 and 115. (1930)) who defines AG(v) as G(v+4) —G(v—}4). wo, the classical 
frequency of vibration as used here is the mean of AG(v) and AG(v+1) and refers to the mole- 
cule in half-integral quantum, and therefore possible, vibrational states. 
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tube. The spectrograph used throughout was a large Littrow two-prism in- 
strument having a dispersion of about 8A in the red. Kodak Extreme Red and 
Kodak Infrared plates were used being hypersensitised before exposure by 
immersion for 45 seconds in a bath containing 3.5 cc of 0.880 ammonia in 100 
cc of water and then dried rapidly in a current of hot air from an electric fan. 

Exposures ranged from 30 minutes to 3 hours according to slit width and 
density of the IC] vapor. The temperatures of the side tube and main tube 
were kept practically constant during each exposure but for different expo- 
sures were within the ranges 80°C to 100°C and 200°C and 400°C respectively. 
Measurements were made on ten different plates by a Hilger L. 13 compara- 
tor. 

RESULTs 


In Table I are set out measured wave-numbers in vacuo ranging from 
progression II to progression VIII. The values given are in most cases the 
means of four independent determinations. Deviations from the mean were 
satisfactorily small. (\W) indicates values obtained by Wilson. Except for 
1119 and III8 agreement is good. The III8 head is unusually diffuse and ap- 
parently an accurate setting is difficult: though one may obtain a consistent 
result by setting on the same grain aggregation the corresponding value may 
be several units in error. The mean of Wilson’s and my value is given in 
square brackets as are also the corresponding differences. On account of the 
uncertainty attaching to this value these differences are not taken into ac- 
count in calculating w3’, wo’ and a,’’, we’’. 

It is seen that the higher the v’ progression (greater v’’) the smaller is the 
extent of its development and the more does the maximum of intensity 
within a progression approach the origin (v’=0). Both experimental facts are 
readily explained by reference to the Franck-Condon potential energy curves 
(Fig. 2). In the case of no progression was the v’=0 head measurable al- 
though a contrasty enlargement revealed faint indications of its existence in 
Vi and VII. 

Owing to the limited extent to which the progressions are developed and 
the steepness of the intensity gradients in each of the higher progressions the 
presence or absence of v’=0 could not be taken as conclusive evidence of the 
correctness of the accepted numeration. 

The w,’’ values from v’’=1 to v’’=5 are such as to give constant differ- 
ences between themselves successively within the limits of experimental error 
as is required by theory, but the w5’’, ws’’ difference is considerably less than 
it should be for a linear increase of w,’’ with v’’. It is unfortunate that further 
values of w,’’ for higher v’’ numbers are not measurable to decide whether 
there is here a definite discontinuity. 


THE VIBRATIONAL CONSTANTS OF THE IC] MOLECULE 


The fundamental vibration frequencies of the IC] molecule have been es- 
timated by Patkowski and Curtis* by extrapolation of the experimental , 
values determined at that time and assuming a linear variation of w, with uw. 
In the formula w,’=wo’—a’u’ they substitued a’ = 6.594 giving wo’ = 223.7 
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cm~' as the fundamental frequency i.e., in the lowest attainable vibrational 
level (u’=}) of the excited state. For the normal state for which from Wil- 
son's @,’’, we’’ values a’’=1.4, they gave wo’’=382.0 cm~!. Actually the 
w,’, v’ curve for the excited state is known not to be linear® and indeed, the 
results here given indicate that the departure is greater than was first supposed 
(see later). By a graphical extrapolation of one unit of v’ the value of wo’ ac- 
cording to the present measurements is given as 209.7 cm~'. Assuming the 
linearity of the w,’’, v’’ law, as appears justifiable from measured values from 
’", wo’’ = 383.0 cm~!. Taking the binding force as proportional to the 
square of the vibration frequency the decrease in this force due to excitation 
would be 3.38:1 as against the previous value 2.9:1 (Patkowski and Curtis). 
For Cl. and I, the ratios are 3.2:1 and 2.8:1 respectively so far as is at present 
ascertainable. Analysis of the rotation structure according to Patkowski and 
Curtis’ shows that as expected, the increase in the moment of inertia of the 
IC] molecule on excitation is considerable being in the ratio 1.31:1. 

Mecke"’ and Morse" have pointed out independently that in the case 
of many molecules an empirical relation exists of the form woro? =a con- 
stant, K, where ry is the nuclear separation in the equilibrium position. If wo 
isin cm”! and ro in A then according to Mecke p=2 and K, though the same 
for any one molecule in its lower and upper states, is different for different 
molecules. Morse, from examination of 56 molecules, favors p=3 and K= 
3000 for all molecules. Mecke’s law is not well obeyed by Is, Cl. or ICI, for 
solution of the equation wo’%o’? =wo’’ro’’” leads to the values p=4.2 for la, 
4.3 for Cl. and 4.4 for ICI, the corresponding values of K being about 13000, 
10500, and 15000, respectively. I, and Cl, conform to Morse’s law rather 
better than does ICI, the deviation in every case being greater for the lower 
than for the higher state. The values of K’ and K”’ in wo’rp9" =K’, wo'’r9/" = 
K"’ are as follows: In, K’=3486, K’’ = 4036; Ch, K’ =3316, K’’ =4328; ICI, 
K’'=3872, K’’=4695. Morse found that his formula was least satisfactorily 
obeyed by the least symmetrical molecules, so that the greater deviation 
here found in the case of IC] as compared with I, and Cl, is evidently attribu- 
table to its relative nonsymmetry. 

The frequency of the v’’=0, v’=0 band-head, Piesa®, is found to be 
13655.3 cm~ by extrapolation of one unit of v’. The separation of this head 
from the origin of the band, calculated by means of the rotational data,’* 
is 0.37 cm~'. The electronic frequency, v*', associated with the system is 
given by Viena 9? =v! + wou! — wox’!2 — wo! ul! +a! 'x!'u!” in which u’ =}, 
u’’=3, wo'x’ =2.6 (determined from observed v’s from v’=1 to v’=10) and 
wo’’x’’ =1.58, as 13742 cm“. 

The convergence limit of progression I was given by Wilson as 17430 
cm~', Extrapolation of his v values set out on reference 2, page 613 gives its 
value as 17341 cm~. Following the method of Birge and Sponer” an inte- 


w,’’ to ws 


* J. Patkowski and W. E. Curtis, Nature, May 9, 1931. 
10 R. Mecke, Zeits. f. Physik 32, 823 (1925). 

11 P, M. Morse, Phys. Rev. 34, 57 (1929). 

2 R. T. Birge and H. Sponer, Phys. Rev. 28, 259 (1926). 
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graph evaluation of the area under the 7’, w,’ curve (Fig. 1) between the 
limits v’ =0 and the value of v’ for which w,’ vanishes (D»o’ =3690 em-!= 
0.455 V) leads to the value 17345 cm‘, or 2.139 volts, for the limit.” 


THe POTENTIAL ENERGY CURVES OF ICI 


Within the limits of experimental error the w,’’ values decrease linearly as 
v’’ increases from 1 to 6. Assuming the same law to hold to the limit of con- 
vergence in the lower state, the energy of dissociation in this state reckoned 
from the equilibrium position (zero vibrational energy) is 23260 cm~ (D,/’= 
2.8701’). Reckoned from the v’’=0 level it is 23069 cm™! (Dy’’=2.847V), 
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Fig. 1. »’, we’ curve. Circles, Wilson's observations; circles with dashes, present observa- 
tions; dotted line, extrapolation to wo’ and to w,’=0. 


that is, 5724 cm or 0.706 V greater than the energy required to dissociate the 
molecule by raising it from the same level to the higher state and increasing 
its vibrational energy in that state. 

In Fig. 2 are shown the potential energy, nuclear separation curves for 
the ICI molecule in the lower and higher states calculated from the formula 
given by Morse" written in the form 


U(r) =A +D,[(e-@e-r? — 1)?] 


'S Following the publication of a brief summary of the results of the present work (Letter 
to Phys. Rev. 39, 162 (1932) I have received a communication from W. G. Brown in which he 
states that he has redetermined the convergence frequency of the v’’=0 progression from his 
own recent measurements and obtained a result 2.142 + .003 volts, which supports the correc- 
tion here suggested. 
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where, for the lower state, A’’ = 0, D,’’ = 23260 cm“, ro’’ = 2.306A, a’’ = 1.657. 
In the calculation of the curve for the higher state the observed value of 
D,', 3794 cm“, is used. a’ =2.264A, A’=13742 cm~. The values of ro’ and 
ry’ are those derived by Patkowski and Curtis from their analysis of the ro- 
tational structure. 

The crossing of the potential energy curves and the large excess of Dy’’ 
over v°°+ Dy,’ by some 5700 cm~ are features of interest in connection with 
the question of the products of dissociation of ICI. It is now generally ac- 
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Fig. 2. Potential energy, nuclear separation curves. Horizontal lines represent vibra- 
tional levels; only a few of the observed upper state levels are represented. 


cepted that the products of dissociation of the upper state of Cl, Br, and I, 
are, in each case, a normal ?P3. atom and an excited 2P; atom, the lower state 
yielding two normal atoms on dissociation. The experimental evidence for this 
is strongest in the case of I; for which the value of Do’+v°°— Dy” can al- 
most certainly be identified with the separation of the deepest ?P levels. The 
determination of Dy” spectroscopically involves invariably a long extrapola- 
tion of the levels in the lower state to convergence which gives, in general, and 
excessive value for Dy’’. lodine provides one of the most favorable cases for 
such extrapolation, for, by resonance methods the lowest 26 levels have been 
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observed. The extrapolation is from v’’=27 to v’’=112, corresponding to 65 
percent of Dy’’. The value of Dy’’ obtained in this way is 1.67 volts which 
agrees fairly well with the thermochemical value 1.50 volts. Since Do’+v%= 
2.47 volts, the calculated excitation energy is 2.47 —1.50=0.97 volt, which is 
sufficiently near the value, 0.94 volt, given by Turner for *P3,2—?Pj,2 to justi- 
fy the belief that the dissociation of the upper state leads to a normal ?P3 2 
atom and an excited ?P;, 2 atom. If, now, we subtract 0.94 from 2.47 we obtain 
indirectly the value 1.53 volts for Do’’. It is to be noted that this value de- 
pends entirely on spectroscopic data. 

In the case of ICI there are not yet any resonance or thermochemical data 
to make a similar method of determination of Dy’’ possible. It may be that 
the long extrapolation from v’’=6 to v’’=121, corresponding to 90 percent 
of Do’’ leads to a value of Dyo’’ much too high and that there is actually no 
crossing of the potential energy curves. Recently there has been some dis- 
cussion as to whether dissociation of the upper state of ICI yields two normal 
atoms or a normal I atom and an excited Cl atom. That the former alterna- 
tive was the more probable was suggested by Gibson and Ramsperger! on the 
basis of a correlation of spectroscopic and thermochemical data and also in 
view of their interpretation of two other systems beyond convergence of the 
main system, the convergence limit of one corresponding to dissociation into 
an excited Cl atom and a normal I atom, and that of the other to dissociation 
into an excited | atom and a normal Cl atom. Chemical experiments by Rol- 
lefson and Lindquist" have given evidence to support this suggestion and 
Mulliken” holds that it is in harmony with theory. It is supposed that, as in 
the case of Iz, the lower state leads to normal atoms on dissociation. Accepting 
Gibson and Ramsperger’s suggestion regarding the upper state and remem- 
bering that ICI is comparatively polar it is evident that we cannot rely on a 
close analogy between the two molecules. If, indeed, Do’’ for ICI is greater 
than Dy'+v° by an amount which can be identified with the separation of 
the deepest ?P levels of I or Cl then it may be that the ICI molecule exhibits 
the same binding characteristics as N2*,!° namely, dissociation into normal 
atoms from the upper state and into an excited atom and an unexcited atom 
from the lower one. The excess found by extrapolation is 0.71 volt whilst the 
excitation energy of the I atom is 0.94 volt and that of the Cl atom is 0.11 
volt, so that, if we regard the present value of Do’’ merely as an upper limit 
the possibility of an excited I atom resulting from dissociation is ruled out 
and there remain the two alternatives, excited Cl and normal I, or two normal 
atoms. 

THE IsoToPpE EFFECT 


Band heads of the weaker ICl;; system hitherto measured* are v’ = 12 to 
v’=26 of progression I and v’=8 to v’=13 of progression I]. The ICl3; pro- 
gression I heads are from 31 to 37 cm™, and progression II heads from 17 to 


4G. K. Rollefson and F. F. Lindquist, J. Am. Chem. Soc. 52, 2793 (1930); 53, 1184 (1931). 

1% R.S. Mulliken, Phys. Rev. 37, 1412 (1931). 

16 G. Herzberg, Ann. d. Physik 86, 189 (1928). W. Heitler and G. Herzberg, Zeits. f. 
Physik 53, 52 (1929). 
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29 cm~!, to the less refrangible side of the ICl;; heads. Patkowski and Curtis 
showed that in the case of ICI the Mulliken theory of isotopic separation 
leads to the result that the separation must have a maximum value in the 
neighborhood of v’ = 17 for all progressions, that for a given v’ the separation 
is less the higher the progression i.e., the greater v’’, and that in the case of 
any one progression the separation diminishes parabolically from the vertex 
at v’=17 for v’’s greater and less than 17. In every progression therefore, 
there are two critical v’’s for which the separations are about zero and for 
?’’s less than the lower critical v’ and greater than the higher critical v’ the 
ICl;; heads will be on the more refrangible side of the corresponding ICl;; 
heads. The lower critical v’ is greater the higher the progression. These ob- 
servations are clearly illustrated in reference 3, Fig. 2, where it appears that 
in the region of the present measurements the isotopic separations in progres- 
sions IV, V, VI and VII should be opposite in sign to those previously ob- 
served in I and II and large enough to make fairly accurate measurements 
possible especially as the ICl;; heads will be clear of the rotation structure of 
ICl;; bands. 

Actually on the plates there appear six or seven heads which cannot be 
attributed to ICl,;. Six are strong and sharp enough to give reliable measure- 
ments and they are on the violet side of the corresponding IC]; heads as ex- 
pected. Calculations of the separations as predicted by the Mulliken formula 
in which the present values of wo’’, wo’, wo’’x'’, wo’x’ are used made it possi- 
ble to identify the heads with certainty. Table II shows that in all cases agree- 
ment between observed and calculated values is good. 


TABLE IT. 
Separ- Separ- 
?” o ICI; ICI;; ICI; ation ation 
(Obsvd.) (Obsvd.) (Caled.) (Obsvd.) (Caled.) 
3 4 13320.7 13329.5 13330 .7 8.8 10.0 
3 5 13509 .8 13515.5 13516.5 Be 6.7 
4 4 12949 .0 12966 .2 12966.7 7.2 17.7 
4 5 13136.8 13151.1 13151.2 14.3 14.4 
5 3 12387 .0 12415 .3 12415.6 28.3 28.6 
5 4 1 9 24.3 25.1 


12580.8 


12605. 


12605. 


THE RELATIONS BETWEEN G, w, AND ? 


It is customary to express the available vibrational energy of the diatomic 
molecule, to a first approximation, in the form 


G = wot? — woxv? (1) 


the energy being expressed in cm~ units and w» and x constants for the same 
molecular state. 
The classical frequency of vibration, in cm~ units, is given by the deriva- 
tive of G with respect to v so that 
dG 


wo, = = wo — 2worx?. (2) 


de 
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To a first approximation (1) and (2) are found to hold for many diatomic 
molecules. 
It is easily shown that if, as assumed by Birge,'’ 


G = a+ bw, + cw,’ (3) 


then, for cases in which Eqs. (1) and (2) are strictly true so that w, =f(v) 
is linear, b=0 and a plot of dG ‘dw, against w, gives a straight line through 
the origin of coordinates. Often, however, } is not zero and may be negative 
or positive. The corresponding v, w, graphs are said to have negative or 
positive curvature respectively. The G, w, parabolas have vertices on or- 
dinates through the points of intersection of the dG,dw,, w, straight lines 
with the w, axis so that if b is negative Gyax occurs at a negative value of w,, 
and if } is positive Gy... occurs at a positive value of w,.'® 

Birge’’ has pointed out that the v’, w,’ graphs for 02, I. Bre, Cle, and IC] 
are not linear, and that in each case there is a point of inflection between por- 
tions of positive and negative curvature (Fig. 1). Curtis and Darbyshire® 
showed that in the case of ICI the G’, w,’ curve was indeed composite: for 
its complete representation two parabolas, one corresponding to positive, the 
other to negative, curvature were required. 

If to G’ (Eq. 3) be added the electronic energy the constants a, } and ¢ for 
these parabolas were given by them as follows: 


(1 19—I 28) @=17291.2, b= —1.5471, c= —0.05499. (A) 
(I 9—I 18) a=16734.2, b=—9.6975, c=—0.11095. (B) 


These two parabolas will henceforth be referred to as parabolas A and B 
respectively. 

The slopes of the dG’/dw,’, w,.’ curves were thus —0.110 and —0.222 re- 
spectively, intersecting at w,’=100. 

The physical interpretation of this double parabola representation is that 
at the G’, w,’ values corresponding to the point of contact of the parabolas 
there is an abrupt change in the law of force and in neither case, since #0, 
can Eq. (1) be strictly true. 

Similar discontinuities have been examined by Birge (O02, I:),!’ Elliott 
(Cls),!8 and Brown (Brs).2° 

With a view to determining whether the present | 1—I 9 measurements 
were represented by the same parabola as I 9—I 18 the known G’, w,’ values 
for ICl were plotted and a careful plot of thedG’ dw.’, w, curve made. Points 
in this latter plot lay remarkably well on two straight lines between points 
corresponding to I 23 and I 9 the point of intersection being at w,’=107 i.e., 
between v’ = 17 and 18. Below I 9, however, there was a sudden upward devia- 
tion of the dG’ dw,’, w,’ line (plotted with coordinates as in Fig. 3) the new 


7 R, T. Birge, Trans. Faraday Soc. 25, 707 (1929). 

18 This is not in accord with Birge’s statement that when } is negative w, for the corre- 
sponding parabola vertex is positive. On pp. 709, 711 reference 17 there are inconsistencies 
in nomenclature, due, presumably, to attributing the wrong sign to JE,. 

19 A. Elliott, Proc. Roy. Soc. A127, 638 (1930). 

20 \V. G. Brown, Phys. Rev. 38, 1179 (1931). 





TABLE IIT. Values of v from v' =1 v' =9 are from present measurements. The remainder 
are values given by Wilson except those for v'=28 and v'=31 which have been 
altered to make his v and dv values consistent. 





v’ v AG’ (v) Wy’ Diffs. 
1 13862.8 
202.5 
2 14065 .3 200.1 
197.7 4.8 
3 263.0 195.3 
192.9 4.7 
4 455.9 190.6 
188.3 5.4 
5 644.2 185.2 
182.1 5.3 
7) 826.3 179.9 
177 .6 5.2 
7 15003 .9 174.7 
171.8 5.6 
8 175.7 169.1 
166.3 5.4 
9 342.0 163.7 
161.0 6.0 
10 503.0 157.7 
154.3 6.1 
11 657.3 151.6 
148.8 6.4 
12 806.1 145.2 
141.5 6.2 
13 947 .6 139.0 
136.5 6.5 
14 16084 .1 132.5 
128.5 7.7 
15 212.6 124.8 
121.1 7.1 
16 333.7 117.7 
114.2 6.9 
17 447.9 110.8 
107 .4 6.8 
18 555.3 103.0 
98.5 8.6 
19 653.8 94.4 
90.2 7.8 
20 744.0 86.6 
82.9 8.0 
21 826.9 78.6 
74.3 6.9 
22 901.2 71.7 
69.0 7.9 
23 970.2 63.8 
58.5 8.7 
24 17028 .7 55.1 
’ 51.7 6.5 
25 080.4 48.6 
45.5 5.5 
26 125.9 43.1 
40.6 5.4 
27 166.5 37.2 
34.8 4.6 
28 201.3 33.1 
31.4 4.9 
29 232.7 28.2 
25.0 4.0 
30 257.7 24.2 
23.3 3.0 
31 281.0 22.2 
19.1 3.4 
32 300.1 17.8 
16.5 3.8 
33 316.6 14.0 
11.4 
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slope being between 0.37 and 0.42 whereas the slope for | 9-18 was 0.26. Fur- 
ther, examination of successive differences (Table II]) showed discontinuities 
near corresponding w,’’s. It was therefore decided to apply the method of 
least squares to the observations. 
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Fig. 3. AA, BB, CC, calculated G’, w,’ parabolas. Circles, Wilson's observations; circles with 
dashes, present observations; aa, bb, cc, dG’ /dwy'’, wy’ lines. (dG’ dw,’ =dv/dw,') 


Starting from I 10 for which Wilson and Patkowski and Curtis found in- 
dependently that y= 15503.0 cm~! progression I was extended to I 1 using 
the observed w,’ values.*! First the constants for parabola B were recalcu- 


* Calculation of band-head, band-origin separations for the bands concerned showed that 
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lated to correct for errors in w,’ values used previously. The corrected con- 
stants were: 


a = 16397.8, b=14.7880, c= —0.129854 


The calculated slope 0.260 agreed with the directly plotted slope. The ex- 
trapolation of this parabola to.I 1 showed consistently bad agreement with 
experimental observations whilst an attempt to represent I 1—I 18 bya single 
parabola led to systematic 0—C errors indicative of a discontinuity about I 9. 
A least squares determination of the parabolic representation of the I 1 to 1 9 
gave the constants 


a = 15296.4, b = 28.9862, ¢ = — 0.175502. (Parabola C). 


The change of slope of the dG’/dw,’, w,’ line in the neighborhood of I 9 is 
thus from 0.260 to 0.351 the change occurring at w,’=155.5 i.e. near v’ = 10. 
The change of slope for parabolas A and B is from 0.110 to 0.260 at w,’ = 109.1 
i.e. at v’=17. It is worthy of remark that the discontinuity between A and B 
is in the neighborhood of I 16, the band whose abnormal appearance was 
mentioned by Curtis and Darbyshire and is unexplained so far. It is possible 
that examination of the rotation structure of this band now being undertaken 
may produce an explanation. 

In Fig. 3 the three calculated parabolas and the corresponding slope-lines 
are drawn. It is seen that the six observed points nearest the convergence 
limit do not lie on parabola A. In view of the difficulty of obtaining accurate 
measurements in this neighborhood and the discrepancies in Wilson's tabu- 
lated v’s and dv’s previously referred to, the calculated parabola for these 
points is not recorded. It is almost certain, however, that the slope-line has 
very nearly the same inclination as that for parabola A and does not exhibit 
the pronounced downward curvature towards the origin found in the case of 
iodine by Brown.” 

In conclusion I wish to acknowledge my indebtedness to Professor W. E. 
Curtis for much encouragement and helpful discussion. My thanks are also 
extended to Mr. J. L. Scott of the Naval Architecture Department of this 
College for an integraph determination of the area under the curve in Fig. 1 
and for assistance in the preparation of the figures. 





the error in this procedure arising from differences between the separations for bands of the 
same v’ but different v’’ was less than 0.1 cm™ and therefore within the limits of experimental 
error. 

2 W.G. Brown, Phys. Rev. 38, 709 (1931). 
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Magnetic Rotation Spectrum and Heat of Dissociation 
of the Sodium Molecule 


By F. W. Loomis anp R. E. NusBaum 
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(Received March 18, 1932) 


Wood's magnetic rotation spectrum of Naz had been extended by the method 
previously used with Li, and Ke, to higher vibrational levels. This leaves a very short 
extrapolation to dissociation. The energy of dissociation of the normal molecule, is 
D, =0.76 +0.02 volt, which is in good agreement with the best chemical data. 


EVERAL years ago the data on the green magnetic rotation spectrum of 

sodium as reported by R. W. Wood! were used by one of us* as a basis 
for a vibrational analysis of theband system and an estimate, by extrapolation, 
of the heat of dissociation of the normal Naz molecule. The result was given 
as 1.0+0.1 volt. Since that time there has been an accumulation of chemical 
evidence that this figure is too high. Moreover a number of instances are now 
known in which the Birge-Sponer method of extrapolation has yielded mis- 
leading results, and the confidence in results like the above, which was based 
on such an extrapolation, has tended to diminish. Consequently the authors 
have thought it worthwhile to make new measurements on the magnetic 
rotation spectrum of sodium with a view to extending the levels observed as 
near dissociation as possible and thus increasing the accuracy of the result. 

The apparatus previously used with Li, and Kz was avilable and had been 
designed with just this purpose. That is, a long column of vapor was used, 
which brought out the weak lines corresponding to the highly excited levels 
near dissociation. For a description of the apparatus the reader is referred to 
previous papers. 

The magnetic rotation spectrum of sodium, as we observed it, did not ex- 
tend appreciably further to the blue than Wood's did, but we were able be- 
cause of the long path to measure a large number of faint bands in the short 
wave part of the region covered by Wood and these bands turned out to be 
the ones with high values of v’ which we were seeking. In this way the series 
of observed upper vibrational levels, on which the accurate extrapolation to 
dissociation depends, has been extended from v’ = 16, the highest level identi- 
fied in Wood’s data, to v’=26, which, as appears below, represents an ap- 
proach from within 0.13 volt of dissociation to within about 0.02 volt of it. 

Table I gives all the bands which have been observed in the region of the 
plate which was measured. It was not thought worthwhile to extend measure- 
ments towards the red. The bands which had previously been reported by 


! Wood, Proc. Am. Acad. 42, 235 (1906); Astrophys. J. 30, 339 (1909). 
2 Loomis, Phys. Rev. 31, 323 (1928). 
’ Loomis and Nusbaum, Phys. Rev. 38, 1447 (1931) and 39, 89 (1932). 
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TABLE I. List of frequencies of all bands measured. 








v’ v” Intensity Frequency (cm™) Observed- 
Observed Calculated Calculated 
23 5 1 21904 .87 21906 .31 —1.44 
25 6 1 21904 .87 21908 .15 —3.28 
21 4 1 21894 .48 21895 .68 —1.20 
19 3 1 21876 .09 21876.70 —0.61 
14 0 1 21876 .09 21874.64 1.45 
17 2 1 21850 .09 21849 .80 0.29 
24 6 1 21832 .69 21833 .44 —0.75 
22 5 2 21826.45 21826.38 0.07 
26 7 1 21823 .29 21830 .65 —7 .36 
15 1 1 21816.54 21815 .43 1.11 
20 4 1 21811.50 21810 .75 0.75 
18 3 1 21787 .16 21787 .00 0.16 
13 0 1 21771 .89 21774.01 —2.12 
25 7 3 21756.25 21759.49 —3.24 
16 2 3 21756.25 21755 .56 0.69 
21 5 1 21743 .59 21743 .92 —0 .33 
19 4 2 21722.40 21723.41 —1.01 
14 1 2 21717 .32 21716.87 0.45 
17 3 6 21695 .15 21695 .00 0.15 
24 7 3 21682 .68 21684 .78 —2.10 
26 8 2 21675 .99 21683 .55 —7.56 
22 6 2 21675 .99 21676.15 —0.16 
12 0 0 21670 .07 21671.35 —1.28 
15 2 6* 21659 .05 21659 .14 —0 .09 
20 5 6 21659 .05 21658 .99 0.06 
18 4 4 21634 .08 21633 .71 0.37 
25 8 0 21609 .48 21612 .39 —2.91 
23 7 0 21606 .62 21607 .42 —0.80 
16 3 a 21601 .93 21600 .76 1.17 
21 6 2 21593 .87 21593 .69 0.18 
19 5 8 21572.35 21571.65 0.70 
11 0 0 21565 .22 21566 .74 —1.52 
14 2 i 21560 .10 21560 .58 —0.48 
17 4 2 21541 .87 21541.71 0.16 
20 9 0 21529 .25 21538 .05 —8.80 
22 7 1 21526.37 21527 .49 —1.12 
12 1 2 21513 .71 21513.58 0.13 
15 3 10* 21504 .04 21504 .34 —0.30 
18 5 4 21481 .99 21481 .95 0.04 
25 9 0 21463 .88 21466 .89 —3.01 
23 8 10 21459.71 21460 .32 —0.61 
10 0 10 21459.71 21460.21 —0.50 
13 2 10 21459.71 21459 .95 —0.24 
16 4 : a 21447 .46 21447 .83 —0.37 
21 7 0 21445 .26 21445 .03 0.23 
19 6 1 21421 .26 21421 .42 —0.16 
14 3 10* 21405 .11 21405 .78 —0.67 
24 9 4 21390 .66 21392.18 —1.52 
17 5 4 21390 .66 21389 .95 0.71 
26 10 2 21387 .91 21394.15 —6.24 
22 8 2 21381.38 21380 .39 0.99 
20 7 1 21359 .70 21360 .10 —0.40 
12 2 * 21356.88 21357 .29 —0.41 
9 0 5 21351.14 21351 .84 —0.70 
18 6 2 21332.14 21331.72 0.42 
25 10 1 21320 .32 21322.99 —2.67 
23 9 1 21315.14 21314.82 0.32 
13 3 10* 21305 .17 21303 .14 0.03 
10 1 8 21302.11 21302 .44 —0.33 
16 5 8 21295 .70 21295.71 —0.01 
19 7 2 21272 .46 21272.76 —0.30 
11 2 20* 21253 .06 21252 .68 0.38 
14 4 20* 21253 .06 21252.49 0.57 
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TABLE I. (Continued). 


Observed 


21246. 
21242. 
63 
21213. 
a i 
.80 
.96 
.67 
.67 
21146. 
21146. 
.66 
.86 
85 
85 
21097. 
.98 
.98 
21083. 
21067. 
.09 
.09 
21037. 
21037. 
21028. 
21016. 
21008. 
21001. 
20997 . 
20991 .5 
20978. 
20972 .2 
20965. 
20962.: 
20948 .85 


21236 


21199 
21193 
21170 
21151 
21151 


21127 
21125 
21102 
21102 


21090 
21090 


21049 
21049 


14 
20 


19 


27 


27 


59 


78 


25 


73 
73 


20948 .85 


20945. 
20928 .: 
20924. : 
20902. 
20897. 
20897 . 
20891 .: 
20879 . 2: 
20859.: 
20849 .5 
20835. 
20835. 
20826. 
20822. 
20816. 
20808 . 
20798. 
20793. 
20783. 
20779. 
20773. 
20760.5 
20749 .; 
20749 .; 
20743. 
20728. 
20725. 





Frequency (cm~) 


Calcula 


21248. 
21241. 
21234. 
21213 
21202 
21194. 
21170. 
21152 
21151 
21146 
21145 
21129. 
21125 
21111 
21106 
21097 
21091 
21090 


ted 


28 
08 
89 


.00 
49 


07 


9) 


43 
.86 
15 
48 


‘i 


.66 
.24 
.00 
.88 
.06 
99 
21083. 
21067. 
21049. 
21049. 
21037. 
21035. 
21028. 
21016. 
21008 .: 
21000. 


20996 .82 


20991 .35 
.16 
.00 
20972. 


20980 
20972 


20965 . 
20950 
20948 . 
20943 
20927 
20923 
20900. 
20901 
20897 
20890 
20882. 
20858 
20849 
20838 
20836. 
20834 
20826. 
20815. 
20808 
20798 
20792 
20784. 
20781 
20772 
20763. 
20749 
20746. 
20743 
20729. 
20725 


25 
37 


.50 


.96 
.62 


.60 


96 


.09 
44 
.46 


98 


41 
87 
.06 


26 


.94 


38 


.08 
46 
.83 


19 


32 
.82 


.02 


56 


.20 


79 


.62 





Observed- 
Calculated 


? 


0. 
1.7: 
0. 


a 


—(. 
+0). 
—().7 
—(). 
0. 
0. 


? 


0. 

- 
—3. 
—0.2 
—0. 
—. 
—(). 
—0.2 
—(). 


0. 


—0.; 
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TABLE I. (Continued). 











v’ v” Intensity Frequency (cm™) Observed- 
Observed Calculated Calculated 
13 7 0 20700 .65 20701 .21 —0.56 
24 14 3 20686 .07 20689 .07 —3.00 
10 3 3 20686 .07 20686 .30 —0.23 
3 0 20* 20666 .44 20665 .89 0.55 
20 12 3 20640 .13 20640 .69 —0.56 
4 1 4* 20627 .00 20626 .42 0.58 
25 15 2 20625 .31 20628 .15 —2.84 
8 4 3* 20617 .76 20618 .13 —0.37 
5 2 ‘* 20588 .94 20586 .90 2.04 
pa | 13 0 20585 .78 20586 .63 —0.85 
9 5 3* 20578 .17 20577 .93 0.24 
24 15 2 20551 .14 20553 .44 —2.30 
6 3 6 20548 .83 20547 .32 1.51 
2 0 tg 20546 .11 20546 .14 —0.03 
22 14 4 20531 .59 20531.78 —0.19 
7 4 2* 20507 .92 20507 .62 0.30 
3 1 a 20506 . 25 20508 . 12 —1.87 
20 13 1 20502 .04 20501 .70 0.34 
10 5 4 20484 .82 20486 . 30 —1.48 
23 15 1 20477 .51 20476 .08 1.43 
4 2 13* 20470 .18 20470 .13 0.05 
5 3 8* 20433 .25 20432 .11 1.14 
1 0 8* 20426 .39 20424 .99 1.40 
6 + ag 20390 .07 20391 .03 —0.96 
2 1 ig 20388 .14 20388 .37 —0.23 
20 14 0 20364 .25 20364 .39 —0.14 
25 17 1 20358 . 25 20362 .03 —3.78 
3 2 18* 20353 .62 20351.83 1.79 
23 16 2 20341 .84 20342.16 —0.32 
21 15 1 20314 .03 20313 .69 0.34 
0 0 10* 20302 .63 20302 .49 0.14 
24 17 1 20285 .02 20287 .32 —2.30 
1 1 12* 20268 . 21 20267 .22 0.99 
2 2 4* 20232 .10 20232 .08 0.02 
20 15 2 20227 .99 20228 .72 —0.73 
7 6 3* 20204 .59 20205 .63 —1.04 
3 3 5° 20198 .66 20197 .03 1.63 
21 16 1 


20180 .63 20179 .77 0.86 








* Reported by Loomis. 


Wood and identified by Loomis are indicated by an asterisk. The calculated 
frequencies are based on Eq. (1) 


vy = 20320.18 + 123.789(2’ + 3) — 0.6303(2’ + 3)? — 0.009363(v’ + 43) 


(1) 
— 159. 23(0" + 3) + 0.726(0” + 3)2 + 0.0027(0" + 3)3 


which has been developed by the method of least squares to fit most of the 
measured bands. The terms in v’’ are equivalent to those previously given by 
Loomis? but those in v’ required modification. As one can see from Fig. 1, 
wherein residuals are plotted against v’, Eq. (1) is a good representation of 
the levels from v’ =0 to 24 but gives too high a value for levels 24 to 26, and 
is inadequate for extrapolation. For this reason the extrapolation to dissocia- 
tion was made semi-graphically. The resultant estimated maximum value of 
7” is 23120 cm~, which when the atomic energy, 16966 cm™, is subtracted 
yields Do’’ =6154 cm~!=0.76 volt as the energy of dissociation. Since the 
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Fig. 1. Residuals of observed frequencies from Eq. (1). 
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which would be deduced from corresponding 
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estimated dissociation lies only 0.02 volt above the highest identified level it 
cannot be too high by as much as this. It is harder to place a definite limit to 
the amount by which it might be too low but it can be seen from Fig. 2, in 
which the frequency interval, Av, between adjacent levels is plotted against 
7’, that it is probably safe to put the probable error of the extrapolation at 
+0.02 volt. 

Fig. 2 also shows the way in which a long extrapolation may be in error. 
The full circles represent the data of Wood, and the upper curve is Loomis’ 
extrapolation based on them. The hollow circles represent the new data and 
the lower curve the new extrapolation. 
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Fig. 3. Potential energy curves for the three accurately known levels of Naz. 


The heat of dissociation of sodium has been determined by several obser- 
vers in different ways and with varying degrees of accuracy. Villars‘ made an 
extrapolation of vibrational levels like the above, but based on his own 
measurements of the absorption spectrum. He obtained a value of 1.16 volts 
but his series of levels was short and it was obvious that the extrapolation was 
less dependable than the previous one of Loomis. Polanyi and Schay® have 
estimated it as 0.80 volt, on the basis of experiments with low pressure flame 
and Rodebush and Walters® have published data on vapor pressure and vapor 
density from which it may be deduced that the heat of dissociation is about 
0.8 volt. Ladenburg and Thiele by similar methods obtained the value 


4 Villars, Proc. Nat. Acad. Sci. 14, 508 (1928). 

5 Polanyi and Schay, Zeits. f. phys. Chem. B1, 36 (1928). 

§ Rodebush and Walters, J. Am. Chem. Soc. 52, 2654 (1930). 
™ Ladenburg and Thiele, Zeits. f. phys. Chem. B7, 176 (1930). 
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0.78 volt. Probably the best chemical determination is that of Lewis? who 
determined the ratio of atoms to molecules in a molecular beam in a Stern- 
Gerlach experiment and hence calculated D 9’’ =0.73 volt. This, as has been 
seen, is surely a little low. It is noteworthy that his values of the heats of 
dissociation of Lig and Ke differ from ours by only 10 percent. 

Fig. 3 shows potential energy curves for the three known states of Nao. 
They are calculated on the basis of the data in the paper of Loomis and Nile® 
but the upper parts of the curves are adjusted to the new energies of dissocia- 
tion. Fig. 4 shows the corresponding Franck-Condon diagram in the im- 
proved form described in our paper on lithium. 


7 


14000 -——000_2900_ 3000 000 Sogo 0 
15000 
40000 
17000 
18000 F- 
19000 }- 


20000 }- 


22000 


23000 














Fig. 4. Improved Franck-Condon diagram for the red and green systems. 


In Table II are given values of the degree of association a of saturated 
sodium vapor as calculated by the equation of Gibson and Heitler from our 
constants and the vapor pressure equation of Rodebush. 


TABLE IT. Values of the degree of association of saturated sodium vapor. 








= Pm mm , 

T°C of Hg K a 
200 0.000136 0.0420 0.9936 
300 0.0134 1.24 0.9791 
400 0.337 13.55 0.9537 
500 3.67 80.49 0.9196 
600 23.30 319.9 0.8800 
700 100.3 966.2 0.8406 
800 329.9 2374. 0.8017 
883 758 .2 4451. 0.7712 








7 Lewis, Zeits. f. Physik 69, 786 (1931). 
8 Loomis and Nile, Phys. Rev. 32, 873 (1928). 
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SLOANE Puysics LABORATORY, YALE UNIVERSITY 


(Received February 19, 1932) 


The pressure shift of spectral lines, unexplained by the usual theories of pressure 
broadening, can be adequately treated on the basis of a theory which considers the 
perturbations produced by neighboring atoms on the two states between which transi- 
tions occur. The analysis presented in the paper is directly applicable only to absorp- 
tion lines, but its consequences are qualitatively correct for emission lines as well. The 
forces acting on the unexcited atom are the usual van der Waals forces; the per- 
turbations of the excited state are produced by interactions of the same character 
(dispersion forces) but of different magnitude. The energy increments for both cases 
can be roughly computed by means of spectroscopic data, which renders possible the 
evaluations of the mean energies of transitions and hence of pressure shifts. Details 
are worked out mainly for the shift of \2537 (Hg) in foreign gases, and are compared 
with the experimental data of Fiichtbauer, Joos, and Dinkelacker. In this case, the 
energy increments are negative both for the excited and for the normal state of Hg, 
but larger for the former. Hence there results a red shift, whose magnitude agrees 
well with observations. The line width produced by the perturbations here considered 
is an appreciable portion of the total experimental half-width. It is no longer neces- 
sary, therefore, to explain the total broadening effect of foreign gases by an appeal to 
Lorentz collisions. Main results of the theory are: the shift is proportional to the den- 
sity of the perturbing gas; it is usually to the red, but may, under conditions discussed 
in the paper, be to shorter wave-lengths; a dependence of the shift on the temperature 
exists, but is slight at ordinary temperatures; the “standard deviation” of frequencies 
within the broadened line is proportional to the square root of the density of the per- 
turbing gas. 


SYSTEMATIC discussion of the influence of pressure on the appearance 

of spectral lines must distinguish at the outset between the cases of 
emission and absorption. In the former, numerous causes which can neither 
be well controlled experimentally nor adequately corrected for by theory, 
such as Stark effects depending on the character and strength of the exciting, 
discharge, or pole effects, may play an important part in the phenomenon to 
be studied, while these disturbances are absent if the lines are produced by 
absorption. This theory is designed, therefore, to describe only the behavior 
of absorption lines; the possibility of extending its results to emission is 
only briefly considered. 

Previous explanations of pressure shift and broadening, in so far as they 
are not due to Lorentz collisions, have mainly conceived of the effects in ques- 
tion as Stark effects, caused by the molecules of the gas. Debye, Holtsmark, 
Stern, and Lenz! have developed methods of calculating the width of broad- 
ened lines in terms of molecular electric fields. The perturbing structures, in 
their theory, either are ions, or carry poles (dipoles and quadrupoles) which, 
as a consequence of their thermal motions, produce a rapidly changing field 


1P. Debye, Ann. d. Physik 58, 577 (1919); Holtsmark, Phys. Zeits. 25, 82 (1924); O. 
Stern, Phys. Zeits. 23, 476 (1922); W. Lenz, Zeits. f. Physik 25, 308 (1924). 
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whose mean resultant at the point of the absorbing atom produces a Stark 
effect, and hence a displacement of energy levels, in the manner of a static 
field. The validity of this explanation depends essentially on the existence of 
ions or permanent poles within the perturbing gas. But under conditions in 
which absorption lines are produced, ions are certainly rare. Moreover, the 
molecules of many gases which are known to produce both line shift and 
broadening certainly have no dipole moments. This permits refuge only to 
the supposition that they carry quadrupoles, a supposition which is safe in so 
far as it is difficult to verify experimentally. Spherically symmetrical atoms, 
such as the inert gases, should not produce permanent fields on this basis, and 
therefore cause no shift; it is well known, however, that they do. Another ob- 
jection of an exclusive explanation of pressure phenomena by an appeal to 
Stark effects arises from the observation that lines which show no appreciable 
Stark effect may be noticeably shifted. 

The point of view taken in this paper is indeed a natural one: we inquire 
as to the perturbing effect of neighboring molecules on the absorbing one, 
first, when it is in its unexcited state, next when it is excited. If the energy 
perturbations in the two cases are not equal with regard to sign and magni- 
tude, the frequency of the line absorbed will depend on the configuration of 
the surrounding molecules, and the calculation of the average frequency of the 
line, or the dispersion of frequencies within it, is a simple statistical problem. 
The energy perturbations between molecules in their normal states are those 
which give rise to van der Waals forces (“dispersion forces”), whose quantum- 
dynamical significance has been discovered and discussed by F. London? and 
R. Eisenschitz’® and others. They can be computed to a fair approximation 
from the intensities of spectral lines of the molecules in question, or from opti- 
cal dispersion formulae. 

In considering the interactions between an excited atom and its neighbors 
an important distinction must be made. First, the surrounding atoms may be 
of the same kind as the excited ones. There is then the possibility of resonance 
between the systems, which occurs whenever the energy of excitation of the 
one may be absorbed by another. As is well known, this gives rise to strong 
perturbation energies which appear in the first approximation of the usual 
(Schrédinger’s) scheme of calculation, and which are essentially of the charac- 
ter of dipole interactions depending on the inverse third power of the distance 
of separation. Their sign may be positive or negative, so that the excited 
enegy level may be displaced either upward or downward. To this type of 
perturbation there corresponds the phenomenon of resonance broadening 
which has been treated by L. Mensing,‘ J. Holtsmark,' and J. Frenkel,® partly 
using the older quantum mechanical methods. Resonance broadening is not 
considered in this paper. 


2 F, London, Zeits. f. Physik 63, 245 (1930); Zeits. f. phys. Chem. B 11, 222 (1930). 
3 R. Eisenschitz and F. London, Zeits. f. Physik 60, 491 (1930). 

4 L. Mensing, Zeits. f. Physik 34, 611 (1925). 

5 Holtsmark, Zeits. f. Physik 34, 722 (1925); 54, 761 (1929). 

6 J. Frenkel !Zeits. f. Physik 59, 198 (1930). 
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Accordingly, the cases to which the present calculations apply are those in 
which the perturbing influence is entirely due to a substance different from 
the absorbing one. This implies that the perturbing atoms or molecules must 
be very numerous compared to those whose absorption line is studied, so that 
each of the latter may be thought of as being entirely surrounded by individ- 
uals of a different kind. Moreover,.it will be supposed that these are always 
in their normal state. It will therefore be necessary to investigate in some 
detail the interactions between an excited atom of one kind with unexcited 
ones of another; in order to make this investigation definite we shall restrict 
our discussion mainly to instances where the excited atom is in its lowest 
P-state. This limitation has the advantage of introducing greater simplicity 
in the analysis, and of covering at the same time most cases of empirical in- 
terest. The forces which are called into play under these conditions are of the 
same character as the dispersion forces mentioned previously, and their evalu- 
ation proceeds along the lines of London’s papers. 

Under these conditions the only cause of pressure broadening beside the 
one which forms the object of this paper is that known as Lorentz collision 
broadening.’? The present description of this phenomenon is in terms of classi- 
cal physics; its quantum mechanical analogue, which undoubtedly exists, has 
not been formulated as far as we are aware. Lorentz considers that the im- 
pacts of molecules are not completely elastic, so that, speaking in classical 
terms, the vibratory energy accumulated by an atom in the process of light 
absorption, is partly converted into heat at the instant of collision. Therefore 
he assumes that the frequent collisions require the vibratory motion of the 
electrons to stop at small irregular intervals, and shows that this is equivalent 
to the presence of a dissipative term in the equation of motion of the elec- 
trons. This, in turn, renders the resonance between light wave and electron 
less sharp and introduces broadening of the absorption line. This action, 
while in need of being rephrased in current terminology, is still considered 
capable of explaining, in part at least, the width of spectral lines absorbed 
under pressure, but it is incompetent to account for pressure shifts. 

Minkowski’ has observed asymmetries in the broadening of the sodium 
D-lines. In order to explain their presence he assumes, in accordance with a 
well-known hypothesis of Oldenberg,® that kinetic energy may be withdrawn 
from, or imparted to, a colliding gas atom during the process of light absorp- 
tion, so that the absorbed frequency may be slightly diminished or increased 
with reference to its normal value. Thus plausible values for the broadening 
are found, and the asymmetries, together with their dependence on the molec- 
ular weight of the perturbing gas, are well accounted for. An effect of this 
sort seems indeed very likely, but it probably produces only slight departures 
from the normal position of the line and is unsuited to explain the relatively 
large shifts occurring at very high pressures, as its author himself points out. 
Hence, in the absence of a theory capable of dealing with these shifts, we are 


7H. A. Lorentz, The Theory of Electrons, p. 141. 
8 R. Minkowsky, Zeits. f. Physik 55, 16 (1929). 
® QO. Oldenberg, Zeits. f. Physik 47, 184 (1928); 51, 605 (1928). 
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to look for the perturbations discussed in the present paper to account for 
their presence, and it will be shown that they do so satisfactorily. 

First, attention will be devoted to the energy perturbations which take 
place between two atoms or molecules, with the object of obtaining the inter- 
action energy as a function of the distance between the centers of the individ- 
uals involved. The excited structure is always an atom, but when for brevity 
the term atom is applied to both, it will be understood that the perturber 
may be a molecule in its normal state, as will be clear later. 


INTERACTIONS 


A. Asymptotic interaction between two different atoms, one in a P state 
and the other in an S state (normal state). 


The classical mutual potential energy of two neutral structures with nu- 
clei a distance 7 apart and their centers of negative charge at (x,y12;) and 
(x2Vet2) respectively, from their nuclei, can be developed as a series whose larg- 
est term at great distances of separation is 


V = e?(yiyve + 2132 — 2x1x2)/r' (1) 
if the x-axis is placed along the line joining the nuclei. Higher terms, corre- 
sponding to the classical interaction of quadrupoles and higher poles, will be 
neglected. The symmetry of the wave mechanical charge distribution causes 


the first order energy perturbation, which is merely the average of V over the 
normal charge distribution, to vanish. The second order energy is 


, 9 


: | V 10,08 | 
Exo — > x 4 (2) 
a3 E. = Ey + Fs - Fo 





where the E,’s are the energy levels of atom I, £; being in particular the 
energy of the P state; the F3;’s denote the energies of atom II, and Fy, is its 
normal state, considered an S state. 


Vi0.08 = f os¥'anods = J VF QW Meoar(drQ), (3) 


since the function “a3 of the composite system, formed of atom I and atom 
II while very far apart, is simply the product of W., the y-function describing 
the state of atom I, and @3, the ¥-function describing the state of atom IT. 
The numbers in (__) are abbreviations for the coordinates of the atom whose 
number is stated. Subscripts 0 and 1 denote the S and the P states, respec- 
tively. 

Writing now, for instance x;.(1) for SVe()x~(l)dr, there results on ac- 
count of (1) and (3) 


| V 10,08 | 2 = ety—®[ yyq2(1) yos2(2) + Z1a2(1)Z082(2) + 421021) x08?(2) 
+ 2Via(1)Z1a(1) vos(2)208(2) — 441a(1) ¥1a(1) o3(2) voa(2) 
— 4.xyq(1)Z10(1) x08(2)z08(2) ] (4) 


where all squares on the right are understood to be squares of absolute 
values. More explicitly, if g is one of the coordinates x, y, or 2, 
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gos(2) = J Roo PirherimeqRelo)o* sin 06dpdéd¢, (5) 
the R’s being the radial functions for atom I], 
Gia(1) = [ Relo)Prm(@er'megRa(p) Pr O)e'ep sin 6dpdéd¢. (6) 


the R’s being the radial functions for atom I. The index yu in (6) representing 
the magnetic quantum number of the P state in question, may take on the 
values 0,1, —1. 

The denominators in (2) do not depend on the magnetic quantum num- 
bers m of the states characterized by a and 8 on account of the space de- 
generacy of the unperturbed states. Hence the summation over the m’s, in- 
cluded in that over a and 8, may be performed, for any particular energy 
state, without regard to the denominator of (2). Elementary calculations 
on the basis of the definition (5) show that 


>> x08 Vos _ >, XosSog = > yostos = 0, 
m 


m m 
also that 


D%09°(2) = Diyos*(2) = Doz09°(2) = pos*(2)- dn. 
m m m 


Pos (2) is the element of the radial matrix for atom II connecting the S-state 
(0) with the state 8. The corresponding results for the coordinate matrices of 
atom I, one of whose states is the P state, depend on the value of uw. Here 
again, simple calculations, performed by means of (6), lead to 


de1a2(1) = pia®(1) |= §10 + = in| 
DV y10°(1) 

Lene*(1) = pia*(1) - 
Dy 10"(1) 


Expression (4) can now be summed over all magnetic quantum numbers 
associated with a and with @. It is necessary to distinguish quantum numbers 
pertaining to the state a (atom I) from those pertaining to the state 8 (atom 
II). This can best be done by adding subscripts 1 and 2 respectively; thus 
m, and /, refer to the state a, mz and /, to the state 8. By (4) and (7) 


1 
doz102(1) = pia(1)-— bn, if w = 0; 
be 


m 


di2 (7) 


on | 


1 7 
Dt10"(1) ™ pr(t)| — b10 + 30 in| ifmw= +1. 


m 


— . , rant 22 4 ] 
2 Vi0,08 | * = " Pia®(1)pog*(2) 5 b1,2 + > oe poet 
ifu = 0 (8) 
e! rig , 4 
> | Vio.as | 2 = — pra?(1)po32(2)] — 81,2 + —S2,0 [8x41 
msm r® 5 ed 





if w= +1. 
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It is convenient to write these results in terms of dispersion-f-values. As is 
well known, the f-value f\, corresponding to the transition from state \ to 
state uw measures the intensity of that transition. The intensity of a spectral 
line emitted or absorbed in a transition from one definite initial state to any 
final state will, however, be proportional to the sum of the f-values connect- 
ing the initial state with all the space-degenerate components of the latter, 
if no external field is applied. Hence it is convenient to define f-values in 
terms of a summation over the m-values of the final states: 





- Sx*m . . » » ”» 
Ix = ae te — Ex) Dore? + yew? + see). (9) 
on m’ 
Thus, for instance, 
Sar-m . : a b er 
fia = TTT ee — E)) > [x102(1) + ¥re*(1) + 21a°(1) | 
on my 
(10) 

Sar? 





“ (Eq — E1)pia?(1)(961,2 + 362.0). 
3h? 
The latter expression results if (7) is used. 

This result, of course, is independent of the value of u; i.e. the f-value 
does not depend on the space orientation of the initial state. Denoting the 
f-values for atom II by g, we find correspondingly 
8x?m 


£03 = —(F'3 — Fo)pos*(2)6:.1- (11) 
3h? 





(10) shows that it is necessary to distinguish two groups of fia’s, one, 
in which a@ is a state with /;=2, and the other /,=0. All f’s belonging to the 
first group will be called fia’, the others fi... Thus, in substituting f- and g- 
values defined by (10) and (11) for the radial matrices in (8), different co- 
efficients have to be used for the two groups of f’s. (8) is then introduced into 
(2) where, accordingly, two separate summations with different coefficients 
appear. Thus, putting 


(Ea — E,)(Fs — Fo)(Ea — Ei: + Fs — Fo) = Das, (12) 


we obtain 


1 3 /he\4 (11 7 ™ 
Ey = -—~{=) jad 3 eo (a) 








r® 4m*\2r Us a’s Da's ap Dats. 
if p = 0, (13) 
and 
1 3 /he\* (19 a’ a’ 
Ey = -— <5) ‘= » ¥ fra’ 803 7 herte\ (b) 
r® 4m?\29r 10 a’s Das a’’B Dar's | 
if p= +1. 


The summations are now extended only over the non-degenerate states, no 
longer over the magnetic quantum numbers. These formulae show that the 
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interaction energy between one atom in a P state and another in an S state 
(spherically symmetrical) depend on the orientation of the former, and that 
the forces called into play between these atoms are not strictly to be thought 
of as central forces. 

If the P state is the lowest or a metastable state, all energy differences in 
the denominators of the summation terms in (13) as well as all f’s and g’s 
will be positive, so that the various sums are positive. In this case the inter- 
action is greatest when u=0, that is, when the statistical charge distribution 
of the atom in the P state has its two maxima on the line through the two 
interacting atoms. ((P,°)? =cos? 6, and the polar axis has been chosen coinci- 
dent with the line joining the atoms.) This state of affairs can be understood 
classically if the forces are interpreted as caused by polarization. For the 
P atom represents a quadrupole distribution which, if ~=0, produces a field 
at the other atom twice as strong as if w= +1. Nevertheless, this analogy 
seems to have no general significance, since it will at once appear that these 
same forces can no longer be placed on the same footing with polarization 
forces when the P state is an excited state. Ignoring this possibility for the 
moment, a rough survey of known f-values and energy levels would indicate 
that the results of the two summations on the right of (13) are often of the 
same order of magnitude. In this case, as is seen from (13), the ratio of the 
maximum to the minimum energy of interaction (or force of attraction) is 
as much as 2. 

Now if the P state is an excited one, so that transitions from it to states 
of lower energy can occur, some of the terms in the summations of (13) may 
indeed be negative (though they will not be negative in general, since the 
positive transitions of atom II may make the combined transition one to a 
state of higher total energy). Cases of this kind will be of interest later. Thus 
it is not impossible for one, or even both, of the D’s in question to become 
negative, hence for the expression on the right of (13) to change sign. This 
would render the forces between the atoms repulsive, of course, a state of 
affairs which is no longer compatible with their interpretation as polarization 
forces. An equally possible case is that in which one of the >’s in (13), for 
instance the second, yields a negative result, the first being positive. Then 
there may result the situation that the forces, attractive for one orientation, 
become repulsive for another orientation of the atom in the P state. The 
classical analogue of this situation would be the interaction of permanent 
multipoles. It is evident from these simple considerations that quantum 
mechanical “dispersion forces” are capable of acting as substitutes for a con- 
siderable variety of classical interactions. 

While these detailed questions are of basic interest, it is not possible at 
present to introduce them into the actual analysis of concrete problems. 
This would require a much more complete knowledge of f-values, derivable 
from accurate and systematic absorption data on spectral lines, than we have 
at present. To continue the discussion it is necessary to proceed in a more 
summary fashion, namely by averaging over the three values of uw. To be 
sure, such treatment is not completely justified, even if the analysis is to be 
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applied to the atoms of a gas. For here the strongly attractive states will be 
statistically favoured because of the appearance of the Boltzmann factor in 
the thermodynamical probability. It is only for high temperatures that this 
procedure is free from error. For the conclusions of this paper, however, which 
do not claim high quantitative precision, the resulting simplification is quite 
in order. 

Taking the average of the values of Eyo given by (13a) and (13b), and 
remembering that the statistical weight of (13b) is twice that of (13a), the 
coefficients in front of the two summations become the same, and the result 
may be written simply: 


- 1 3 /he\3 af 
Ey = -— — (5) > al (14) 
a3 


r® 2m?\ Ir Das 


In fact this formula, which neglects dependence on orientation, describes the 
interaction between two different atoms with any two states in place of the 
P and the S state, and may be derived from the intensity rule of Burger and 
Dorgelo. The relation has been stated in this more general form by London. 
Thus it would have been possible to arrive at (14) more directly, but this der- 
ivation would have obscured noteworthy details of our more special analysis. 


B. Asymptotic interaction between two different atoms, both in their normal 
S states. 


This problem requires no further scrutiny. The question of averaging 
is now trivial since no space degeneracy exists. Hence the relation correspond- 
ing to (14) may be written in conformity with previous notation 


1 3 /he\4 " 
En = — = +5) a ad (15) 
a3 


r® Im?\2r Das 





where £;, appearing in Ds, is now to be replaced by Eo. 


C. Approximations and numerical examples 


As London" has pointed out, the summation over the f-values and energy 
levels in (14) and (15) may in some instances be approximated by the use of 
static polarizabilities. This is possible if (a) the atom to which the summation 
relates is in the lowest state and (b) the energy differences between the low- 
est state and all states, respectively, to which transitions (caused by dipole 
radiation) can occur are nearly equal. Equivalent to the latter condition is 
the preponderance of one f-value over all the others. Under these circum- 
stances a certain energy difference, usually in the neighborhood of the ioniza- 
tion energy and determinable from optical dispersion formulae, may be 
placed as a mean value in front of the summation. This paper will deal with 
interactions in which atom II is always in its lowest energy state. Moreover, 
atom II is the atom or molecule (to be treated summarily as an atom in an 
_S state) of a gas. Now for all gases the transition from the lowest state to the 
next higher state of the stable structure (atom in the case of rare gases, 


10 F, London, Zeits. f. phys. Chem. 11, 222 (1930). 











PRESSURE SHIFT AND BROADENING IN SPECTRA 395 


otherwise molecule) involves an energy which is an appreciable portion of 
the ionization energy. This is especially true for rare gases, less so for gases 
like Oo, etc. Nevertheless we shall be obliged to use mean f-values and mean 
energy differences for the transitions of II. Except in the case of rare gases, 
this will introduce considerable errors. Calling the mean energy difference 
AF, in conformity with London's notation, we obtain his formula 


= 1 3 /he\? fear 
Exo = eS {~) pAF Zz ; (16) 


ro Qn \ de ~ (E — E,)(aF + E. — E;) 








where ? is the polarizability of atom or molecule II, and k denotes the initial 
state of atom I (it will be 1 or 0 in our applications). 

It is important to determine the sign of the interaction energy. Clearly, 
all quantities in front of the summation of (16), including AF, are positive. 
fia IS Negative or positive, respectively, according as the difference (E.—Ex) 
is negative or positive, so that fia/(E.—E,) is always positive, as may be 
seen from (9). Hence the sign of each term of the summation depends only 
on the sign of (AF+E,—E;,). 

Let us now distinguish two cases. 

(1) Suppose that k=0, designating the lowest energy state of atom I. 
Then all the quantities AF+E,—E, are positive and Eo is negative. It 
is of course well known that forces between unexcited, neutral structures 
(van der Waals forces) are attractive at large distances. 

(2) Let atom I be excited, so that one or more of the terms (E, — F,) are 
negative. 

(a) Then >, will be positive only if AF>(E,—E,) for the transitions in 
which f;.4 is appreciable, that is, which correspond to intense spectral lines. 
Suppose this to be the case. It will usually be true when atom I is a metal. 
Another feature of interest can then also be deduced in a qualitative way by 
general considerations. Since at least one of the (E,—E,) is negative, there 
will certainly be one term in the summation which is numerically larger, on 
account of its smaller denominator, than any one of the terms in the cor- 
responding summation of case 1. Furthermore there will be a greater num- 
ber of large terms in ,. This is seen at once by examining the sum rule of 
Kuhn and Reiche, which states that, approximately, for any state k 


> fie = Z, (17) 


Z being the number of optical electrons.'' Now if & is not the lowest or a 
metastable state, there will be negative f’s as well as positive f’s, and con- 


4 The sum rule is exact only if Z denotes the total number of (extranuclear) electrons in 
the atom. In this form, however, it is useless, since the transitions due to the inner electrons 
correspond to numerous unknown ultraviolet and x-ray frequencies. Optical transitions of the 
type responsible for dispersion and the interactions considered here involve mainly the outer 
electrons, the f-values of the inner ones being rendered ineffective by the large energy differ- 
ences appearing in the denominators. It is to be remembered that the procedure in the following 
applications to the cases of Na and Hg, where Z is taken to be the number of electrons in the 
outer shell, (1 and 2 respectively) may introduce large errors into the analysis. 
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sequently Lelfra|>Z, while if k denotes the lowest or a metastable state, 
Ya fia | =Z. Collecting these observations we note that £,o is a larger negative 
quantity than in case 1. We shall illustrate this by numerical examples, the 
results of which are of use in discussing pressure shift phenomena. Ignorance 
of f-values for higher transitions compels us to make very rough approxima- 
tions and to rely mainly upon (17). Nevertheless it is possible to explain 
some interesting details of the pressure effect in a crudely quantitative man- 
ner. Case 2b will be defined and considered later. The following examples 
are best understood if reference is made to term diagrams, such as are found 
in Grotrian, Graphische Darstellung der Spektren, Vol. IT. 

a. Let atom I be Na, II the Ne molecule.” For Ny» p is 1.74-10-*%, AF, in 
the absence of optical dispersion data, will be taken to be the ionization poten- 
tial, 17 volts. The transition from the lowest S state to the lowest P state of 
Na is one of 2.1 electron volts, the corresponding f-value is known to be nearly 
1.8 Since this is by far the strongest transition from this S state all others 
may be neglected. Hence, if r is measured in angstroms and all energies in 
volts (we shall adhere to this choice of units in the following formulae and 
indicate it by writing R for r) 


164-10*4 1 123 
—- —— aT — | = — — volts. (18a) 
R® 2.1(AF + 2.1) R° 
If Na is in the 3*P,2 state, there is one possible transition to 3S with an f- 
value nearly equal to 0.5, and numerous possible transitions to higher S and 
D states. All these will be grouped together to one mean transition of ap- 
proximate energy 2 volts. But then, on account of (17), the f-value cor- 
responding to this composite transition must be greater than 1 by an amount 
equal to the sum of the f’s from 3P down to all lower states of a one-electron 
system, provided that the field in the outer portions of the Na atom is con- 
sidered as appreciably hydrogenic. But the latter f’s sum to about 0.5, as 
may be seen from Sugiura’s work. 


-_ 164-1024 ral 1.5 . 1.5 270 sais 
De dite eons ncaa AF : -| = — — volts. (18 
“ Rr? 2.1(AF — 2.1)  2(AF + 2) R® 


The value of Ej) when the subscript 1 refers to the other doublet state 
(3°P 3/2) will not be materially different from (18b). 

8. Let atom I be Hg, atom IT A. 

For argon, p=1.63-10-*4, AF=17.5 volts.“ If Hg is in its ground state 
6 1S, there are transitions of appreciable intensity to 6 *P;, 6'P, 7 'P with f- 
values 0.026, 0.71, 2.27 approximately. The corresponding energies are 4.9 
volts, 6.7 volts, 8.8 volts. Hence 








400 = 








2 Measurements on the pressure shift of the D lines perturbed by N2 are being made by 
F. T. Holmes to whom the author is indebted for discussions of the experimental features of 
pressure shift. 

13 Y, Sugiura, Phil. Mag. (7) 4, 495 (1927). 

™ Herzfeld and Wolf, Ann. d. Physik 76, 71 (1925). 

46 Wolfsohn, Zeits. f. Physik 63, 634 (1930). The last of these f's certainly corresponds to a 
double excitation and does not truly refer toa 7 P term. 
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164-10 =F 0.026 0.71 2.27 
Ea 2 — ———— 9-44 ——————— + ——————— + | 
R® 4.0(AF + 4.9) 6.7(AF + 6.7) | 8.8(AF+8.8) 
67 
= — me Volt. (19a) 


It is seen that the sum rule (17) is not obeyed by the 6 S state of Hg. Never- 
theless we shall assume it to be valid for the state 6 *P;. The result to be ob- 
tained may therefore be considerably in error, but it will probably be too 
small. As under a, many transitions may occur to higher levels from 6 *P,. 
We choose as their mean energy 5 volts (which places the center of gravity of 


the transitions about } volt below the ionization potential) and as the cor- 


responding f value 2. The transition to 6 1S, whose f value is —0.026 (inter- 
combination between singlet and triplet systems) need not be considered. 


Therefore 


7 ? 82 
Ey 2 —- ——— par] —— =| = — — volts. (19b) 
Ré 5(AF + 5) R® 


If in subsequent discussions we use this value the numerical results must be 
considered as tentative; but the fact that the coefficient in (19b) is greater 
than that in (19a) seems well beyond doubt and may also be established by 
other considerations. Similar reasoning leads to the values given in Table I. 


TABLE I. Interaction of Hg with gas molecules for large distances of separation. Eyo denotes 
the energy of interaction when both the Hg atom and the gas molecule are in their lowest states. 
E,o is written for the corresponding quantity when the Hg atom is in the 6 *P, state. p is the polariza- 
bility of the gas atom; for AF cf. Eq. (9). 














p- 10% | AF (volts) | — Eo: R®(volts) | — Eo: R® (volts) 
(a (b) 
Hg—A 1.63 17.5 67 82 
Hg—N2 1.74 17 71 88 
Hg—O, 1.57 13 58 74 
Hg—CO, 2.9 10 97 129 
Hg—H, 0.81 16.4 32 40 








2b. Next it will be necessary to consider the case in which AF, the energy 
difference of the preponderant transition of atom II, is smaller than the 
difference E,—E, of greatest transition probability for atom I. Then the 
right hand side of (16) will change sign, and the forces of interaction become 
repulsive. An example of this type is afforded by the interaction of a Na 
atom (I) with a K atom (II). The state of affairs is now more easily described 
by using formulae (15) and (14). If both Na and K are in their lowest S 
states the only transitions which need be considered are those to 3 ?P and 
4*P respectively, the corresponding f values being practically 1. Hence 


17500 1 1400 
Eo = — | | =— volts. (20a) 
R® 12.1-1.6(2.1 + 1.6) R® 
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The transitions of Na from the state 3 *P3/2. will be dealt with in the same 
approximate manner as previously (cf. Eq. 18b). Thus, if the Na atom is 
excited (3 °P;) and the K atom in its lowest state, the interaction energy is 


. 17500 0.5 1.5 
R* 2.1-1.6(— 2.1 + 1.6) 2-1.6(2 + 1.6) 
3500 
eo > —— volts. 
R® 


(20b) 


It must be emphasized that these numerical answers, as well as all equa- 
tions for interaction energies in this paper, are true only for large distances 
R since no exchange phenomena have been taken into account. But it is to 
be expected, and will indeed be borne out by our results, that the interactions 
which are responsible for the behavior of spectral lines here considered take 
place at distances of separation at which the expressions developed are at 
least approximately valid. To find the lower limit of R at which they cease to 
be applicable one merely needs to remember that the perturbation scheme 
here employed breaks down when the perturbed energies become comparable 
in magnitude to the differences between the unperturbed energy levels. Since 
these are usually a few electron volts it is seen that the numerical results 
from (18) to (20) have meaning as long as R>A!'*, A being the numerical 
coefficients of 1/R°. (R is in A-units.) Consequently (20a) and (20b) certainly 
fail at distances of the order of 5 or 6A, a fact which may be regarded as due 
to the high polarizability of metallic atoms. At a closer approach of the two 
structures their internal condition would be strongly modified. 

In concluding this section the author wishes to express his appreciation 
of valuable suggestions and criticisms offered to him by Professor Van Vleck 
in connection with the use of f values. 


STATISTICAL CONSIDERATIONS 


In order to simplify the statistical analysis four major assumptions will 
be made: 

1. Atom I is surrounded only by individuals of type II. This will restrict 
the validity of the results to cases in which the pressure of the absorbing sub- 
stance is small compared to that of the perturbing gas. 

2. The mutual attractions between structures II will be neglected in order 
to avoid irrelevant calculations, a simplification which does not affect the 
result through the order of terms which we are retaining. 


3. Internal electronic changes of atom I, caused by absorption of light, 
occur adiabatically with respect to its surroundings. They may be thought 
of as taking place so rapidly, for instance, that the configuration of the 
neighbors can not readjust itself until after the process of absorption is com- 
pleted. The extent to which this assumption is justified is difficult to estimate 
independently of the results to which it leads. Nevertheless it would seem a 
plausible approximation to the actual state of affairs. 
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4. The transition probability of atom I is independent of the configura- 
tion of the perturbing atoms. Referring to Fig. 1, transitions between the 
curves € and 7 are equally likely regardless of where they take place. This 
assumption is permissible since the energy variations along the curves are 
small compared to those encountered in band spectroscopy. Possible vibra- 
tional levels, and such refinements as the application of the Franck-Condon 
principle, will be ignored. 

Suppose atom I, in its lowest state, to be at the origin of space coordinates, 
and let it be surrounded by N atoms of type II, situated at 7; - - - ry. Reckon- 
ing the condition in which all r’s are infinite as the zero level of energy, and 
writing ¢(r;) for the interaction energy of I with the ith atom of type II, the 
energy of this configuration is 2 ;¢(r;). If I is suddenly excited to a P state 


co Enerey ————> 











Fig. 1. »=interaction energy of Hg-A when Hg is in the 6°P;, a in its normal state. e=in- 
teraction energy of Hg-A when both are in their lowest state (van der Waals energy). Dotted 
curve corresponds to the simplified model here chosen. 


whose unperturbed energy is E, then the energy of the configuration im- 
mediately after this transition will be E+ jin(r;), where n(r;) is written for 
the interaction energy of I in its excited state with the ith atom of type II. 
Thus the actual energy difference A corresponding to this transition is 


A(n-+- ry) = E+ Do[n(r) — (ri) ] (21) 
But the statistical weight of this space configuration is e~**/*TdQ, where 


dQ is an element of 3 N-dimensional configuration space. For the mean 
energy of all such transitions one obtains, therefore, 


f camvone) E+ Din(r) - cr) d0 


A= : (22) 


fezecouran 
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The integration in the denominator is performed over the space of each in- 
dividual separately and yields approximately V*, V being the total volume 
of the assembly; for €(7) is known to be different from zero only in avery 
small sphere about the origin, so that in the remainder of the volume of each 
individual the integrand is 1. A reduction of the numerator is easily carried 
out, since every one of the V term in the summation makes the same con- 
tribution V¥—'fe-« *T|n(r) —e(r)| dw, dw being the element of ordinary 
space. Hence (22) takes the simple form 


Iw 
wn 
— 


S=E+(NV/V) [- “rkT[n(r) — €(r) dw. ( 


Clearly, the second part of this expression is the energy shift of the spec- 
tral line absorbed by atom I; on the wave-length scale it is to the blue when 
the term is positive. (23) shows that the shift is generally proportional to the 
density of the perturbing gas, which is the result found experimentally by 
Fiichtbauer, Joos, and Dinkellacker,"® with whose work this theory will be 
mainly compared. Hereafter their paper will be referred to as F. J. D. For 
large values of r, the quantities 7 and ¢ are identical with E,) and Eoo of the 
preceding section. (R and r denote the same quantity; we are writing R when 
the distance is measured in A-units.) The probable course of 7 and € over the 
total range of distances of separation is qualitatively illustrated in Fig. 1, 
describing the effect of an argon atom, for instance, upon the 6 S and the 
6 *P, state of mercury, respectively. The reason for placing the minimum of 
the upper curve to the right of that in the lower is of course to be seen in the 
fact, that, in terms of the kinetic theory, the excited Hg atom has a larger 
“diameter” than the normal atom. (It is for the same reason that R;, to be 
defined presently, should be greater than the gas kinetic diameter. ) 

The further considerations will be applied to a model which may be ex- 
pected to represent the actual situation fairly closely: We shall suppose that 
n may be replaced by Fo for the range from R=R, to R=, and that it 
suddenly becomes infinite at R; and remains so for smaller distances. This is 
equivalent to a substitution of the dotted curve for y in Fig. 1. Energy transi- 
tions during which any R< R, are then impossible, and the statistical weight 
zero may be assigned to all A’s for which any one argument is smaller than 
R,. This supposition precludes the possibility of calculating the accurate in- 
tensity distribution within the shifted line, and permits only a qualitative 
estimate of the line width, as will be shown. It has been seen that the asymp- 
totic interaction energies vary as R~*. Let us denote Fi) by —b/R® and Eo, 
by —a/R°*. Then, with the premises just discussed, 


n(r) —<¢«(r) = i¢=- b) r® = (b — a)Eoo/a if R > Ri. 


Hence the energy shift, by (23), is seen to be 


b-a Nee | 
D = +r —— J Eqoe "0! ** dr, (24) 


a Vv 


1 Chr. Fiichtbauer, G. Joos, and O. Dinkelacker, Ann. d. Physik 71, 204 (1923). 
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which, when r is expressed in A and Eq in volts, may be written as a wave- 
length shift: 


y 


a b N o 
AX = 810004x-——.—-10-* f Eqoe~="!*T R2dR. (25) 
R, 


\ is the wave-length of the displaced line in A, and the shift is to the red when 
AX is positive. 


COMPARISON WITH EXPERIMENT 


Many references to pressure shifts are to be found in the literature, but 
the experimental conditions are frequently such that an adequate theoretical 
description of the situation can not be made. The experiments of F. J. D., 
however, present a very interesting set of data to which our considerations 
may at once be applied. They have measured intensity distribution and shift 
of the Hg line 2537A absorbed while the Hg vapor was perturbed by different 
gases at high pressures (10-50 atm.). The straightforward test of the theory 
would be to evaluate (25) and compare the results with their experimental 
data. However, R; is a parameter concerning the exact magnitude of which 
there is considerable doubt. Hence it seems more appropriate to choose R; 
so that the value of (25) agrees with the experimental shift. R, should then 
be somewhat larger than the gas kinetic diameter of Hg, if this theory suffices 
to explain the shift. (25) may be computed graphically; indeed in some cases 
e~FokT may be replaced by 1 and the integral computed directly. R; means, 
crudely speaking, the distance of closest approach between the excited Hg- 
atom and its perturber. The value of R:, which may thus be computed from 
the pressure shift, is of some independent interest in other respects. It should 
be remarked that, within a plausible range of values, the numerical de- 
pendence of R; upon the choice of }:9 is such that R; is approximately pro- 
portional to bi9. Table II shows the results. In the first place it is worthy of 

TABLE II. Ad is the pressure shift per atmosphere observed by Fiichtbauer, Joos, and Din- 
kelacker, R, the distance of closest approach between the excited Hg-atom and its perturber, as 
caclulated from Ad by the present theory. d is the van der Waals diameter of the perturbing atom, 


and o the value of the distance between centers at collision, evaluated by means of Lorentz’ theory of 
colliston broadening." 











Perturbing gas AX Ri By d og 
A 0.0088 4.8 A 39 3.13 A 9.44A 
O» .0079 5.0 46 3.32 8.07 
N2 .0056 5.6 50 3.41 8.05 
CO, .0078 6.2 105 4.36 11.2 
H2 .0042 4.9 21 2.55 5.27 








note that R,; is of the correct order of magnitude at all, a feature which con- 
firms the qualitative correctness of the considerations here presented. More- 
over, for all gases but He the calculated values of R,; arrange themselves in 


17 Ad is not the mean shift per relative density 1, as tabulated by F. J. D. on page 225; 
it is computed from their lowest pressures only. The slight empirical deviation from a linear 
relation which takes place at very high pressures is considered to depend on causes not included 
in the theory. 
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the order of the van der Waals diameters of their molecules, which have been 
computed from the experimental values of By given by Beattie and Bridge- 
man.'8 (d= [3By 2rN|! 3 with V =6.06- 10"? mol.~') The fact that H» violates 
this order is confirmatory rather than detractive, for Hs is misbehaved in all 
similar instances.’ We shall return to this point. Calculations on H.Q, for 
which experimental data are also given by F. J. and D., have been omitted 
since our method would be inadequate in so far as it neglects the inter- 
actions of the permanent dipoles and quadrupoles, which H:O molecules are 
known to carry. 

To our knowledge, there are no quantitative experimental data with 
reference to the pressure shift of the sodium D lines with which calculations 
similar to the foregoing ones could be compared. There appear to be some 
empirical data showing that ),» is shifted more strongly than ),.°" The present 
theory predicts equal shifts, as the remark following Eq. (18b) implies. Fur- 
ther experimental work on this point would be interesting. 

Most of the known pressure shifts are to be red.*! The opinion has been 
expressed that blue shifts can not occur. Our analysis enables us to settle this 
point; it demonstrates the possibility of pressure shifts to the blue. Their 
occurrence is clearly seen to depend on the relative spacing of the energy 
levels of the two interacting structures, that is on the condition previously 
designated as 2b. If this condition is to be satisfied the energy differences be- 
tween the normal state of the perturbing molecule and that state to which 
transitions are most likely to occur must be smaller than the difference corre- 
sponding to the spectral line absorbed. If the latter is the resonance line of the 
element whose f value is large compared to that of other transitions, then it is 
usually sufficient that the strongest transitions of the perturbing substance 
be of lower frequency, if a blue shift is to be observed. This explains at once 
why blue shifts are infrequent. The resonance lines with which one can work 
most conveniently are those of metals, since their wave-lengths fall in a do- 
main which is spectroscopically easy to reach. The perturbing substance must 
necessarily be a gas, and most gases have ionizing potentials above 10 volts, 
so that their strongest transitions, or the composite transition previously de- 
noted by AF, presumably correspond to wave-lengths in the far ultraviolet. 
One might well expect, however, to find blue shifts in the case of ultraviolet 
lines if the perturbing gas is one of relatively low ionizing potential. The 
Hg lines 1850A would appear to be of some promise in this respect. The de- 
tails can be worked out for each individual perturber after the fashion of the 
previous computations. 

A theoretically clear cut example of this type is afforded by the pressure 
shift of the D lines with K vapor as the perturbing agent, as is seen from 
Equations (20a) and (20b). Eo is positive in this case, so that 7 in Fig. 1 
would be curved upward. Use of Eq. (20) shows the blue shift to be quite 


18 Beattie and Bridgeman, Zeits. f. Phsyik 62, 95 (1930). 

'’ Cf., for example, H. Margenau, Phys. Rev. 38, 365 (1931); 36, 1782 (1930). 
20 Cf. C. C. Kiess, J.O. S. A. 18, 169 (1929). 

21 Cf. Humphreys and Mohler, Astrophys. J. 3, 114 (1896). 
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large, even if a large value of R; is assumed. But in carrying out the experi- 
ment, as was attempted in the manner of a preliminary survey by Prof. 
\V. W. Watson and the author, one meets with appreciable difficulties. In the 
first place, sufficiently high pressures of K vapor can not be obtained with- 
out using high temperatures which bring out overlapping absorption bands. 
These not only obscure the effect to be observed, but also invalidate the 
theory in so far as they give evidence of the existence of perturbing structures 
whose transition probabilities are not considered. Furthermore, at higher 
temperatures the Na atoms present as an impurity in K produce resonance 
broadening in the D lines which is sufficient to obliterate the shift. Never- 
theless, the experiment does not appear to be hopeless if, for instance, low 
temperatures and pressures are used and interferometer methods employed. 

Large pressure shifts are to be expected when the absorbing and the per- 
turbing atom are capable of strong transitions of nearly equal frequencies. 
This is at once inferred from (14), D.3 becoming small for one of the terms 
in this case; it is to be interpreted as an approach to resonance coupling. 

Finally, the dependence of the shift on the temperature of the perturbing 
agent merits attention, for this, too, appears to have been a doubtful point. 
The temperature enters into the shift through the Boltzmann factor in the 
integrand of Eq. (25). Consider again Table II. One can easily convince him- 
self that, even at values of R of the order of 5A, Eoo/kT is smaller than } at 
ordinary temperatures and becomes rapidly insignificant for greater R’s. 
Hence, though the shift is definitely dependent on the temperature, this de- 
pendence is very slight at those temperatures at which pressure shifts of ab- 
sorption lines are usually determined. Differentiating (27) with respect to 7, 
and writing € for Eoo, 








f ec! ATR*dR 
1 o@(Ad) 1 R, 1 a 
— —— = — — —- = — —— — .- (26) 
Mo oF kT? e* " 3kT? Rye 
f ec" *TR°*dR 
R, 


Here again the theory exposes itself to experimental verification. 


LINE WIDTH 


In dealing with the width of an absorption line we are considering the 
effect of at least three causes: Doppler effect, Lorentz’ intermittent excitation, 
and the perturbations discussed in this paper. The Doppler broadening is 
independent of the pressure and given by the formula 


Avp = 7.16v(T/M)"/2-10-7, 
where / is the molecular weight of the absorbing substance. For Hg at the 
temperatures used in the experiments of F. J. D., Avp is 0.034 cm™, a quantity 


that is inappreciable in comparison with the observed values of Av, ranging 
about 6 cm~!. The Lorentz effect, given by the formula 


Av, = Z/t, 
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where Z is the number of impacts per second of the absorbing molecules, 
has usually been called upon to explain the total line width. There is no 
doubt, however, that the perturbations to which this paper is devoted ac- 
count for a large portion, if not all, of the broadening. 

The simple model used in this work does not permit us to deal very 
satisfactorily with the question of pressure broadening since it does not ren- 
der properly the intensity distribution within the spectral line. The details 
of this distribution may be essentially distorted by our substitution of the 
dotted line for curve 7 in Fig. 1. Hence it is not possible to explain by this 
theory the interesting asymmetries in the intensities of the D-lines absorbed 
under pressure, as observed by Minkowski™” and others. It is certain, how- 
ever, that the incongruous trends of the real curves € and 7 would in general 
cause asymmetries to appear. But we do not wish to offer this as an alterna- 
tive to Minkowski’'s explanation, which appeals to the simultaneous occur- 
rence of absorption and collision; probably both of these causes will have to 
be considered. 

The experimental measure of pressure broadening is the “half-width” 
of the line. This is known numerically from the work of F. J. D. and many 
others. As pointed out, Lorentz’ theory of collision broadening, while incap- 
able of accounting for a shift of the maximum, does enlable a calculation of 
the diameter of closest approach, ¢, between the colliding structures. This 
quantity would be somewhat analogous to the R; of Table II, and may be 
compared with it. We are therefore tabulating ¢, as calculated by kinetic 
theory,” in the last column of Table II. The smaller values of R; which the 
present theory provides are evidently more satisfactory, for it could hardly 
be supposed that the “diameter” of an excited Hg atom in an impact with a 
CO: molecule is of the order of 18A when in its normal state it is only 3.6A. 

The “half-width” of a line has been found by F. J. D. to be proportional 
to the pressure. It is difficult to correlate the experimental half-width with a 
definite feature of our model. Yet some interesting information may be de- 
rived by calculating the statistical dispersion (“Streuung”) s? of the fre- 
quencies within the line. Putting as before n= —b/?r, €= —a/?r, and writing 
for convenience 


c=(a—d)/a, U= Dera, (27) 


the dispersion of energies within the absorption line is, by definition, 


f (cU — D)%e-U!*TaQ 
= : (28) 


fee /kTdQ 


#2 R. Minkowski, Zeits. f. Physik 55, 16 (1929). Cf. also M. W. Zemansky, Phys. Rev. 
36, 219 (1930). 
*3 Values taken frém Zemansky, Phys. Rev. 36, 219 (1930). 
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D = ——__—__—_-. (29) 


fee ‘TAQ 


Hence (28) becomes on expanding 


i) cU%e Ul Td 


5? = —- D*, (30) 


few kTdQ 


Next replace U* by its value according to (27) and perform the integra- 
tion in the numerator. The integrand is 2 >> (7) +e >> inj >,€(r) €(r;). As 
previously, dQ is the product of the elements of space of all N perturbing 
molecules. Each of the terms of c)>j2;>.,€(r:) €(rj) contributes to the in- 
tegral the same value c?V*~*[e(r)e-* "7 |, and since there are altogether 
N(.N—1) terms the total contribution of the second sum will be 


N? ' 
v2 rs| feneronraa| = VD? 


because of (24), and since N—1 may be replaced by N, N being very large. 
But the denominator of (30) has the value V’, as pointed out before, so that 


N f* 
J Leer(rie-U! dQ = dnc? =a | e*(r)e er) ET 2dr, (31) 
i ms 


1 


()n account of (22), etc., 


7 
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Thus it has been shown that the statistical dispersion of energies within 
the absorption line, caused by perturbations alone, is proportional to the 
density of the perturbing gas, or, roughly, to its pressure. The same is true, 
of course, of the dispersion of wave-lengths. 

This proportionality is disturbed if the “standard deviation” s is regarded 
as determining the perturbation breadth of the line. As mentioned before, 
there is no definite criterion for this choice as long as the accurate distribu- 
tion is unknown. It is clear, however, that the standard deviation should 
agree in numerical magnitude with the line widths if allowance is made for 
other causes of broadening. Since s does not vary linearly with the pressure, 
we can not expect perturbation broadening to be a constant fraction of the 
total line width over the complete pressure range. Computing it for the 
example of argon as the perturbing gas and choosing a pressure of 20 atm., 
we find 

s 2 (4xrN/9V)'?-10-"(a — 8)/R19? = 3.7-10-%. 
This corresponds to a Av of 3 cm, as against F. J. D.’s half-width of 7 cm. 
For the other gases, the disparity is slightly greater, the computed standard 
deviation being always smaller than the experimental half-width. This state 
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of affairs may be regarded as satisfactory. Moreover, if the remainder of the 
line width were considered as due to Lorentz broadening in the classical 
manner and ¢ computed from it, there would result better agreement with 
our values of R,.?*" 

The question arises as to how the pressure shift and broadening of emis- 
sion lines is to be treated. A systematic discussion of this problem is difficult 
since the statistical condition of the gas in which the emission occurs is in 
general not a steady one, particularly when excitation is produced by strong 
electrical discharges or thermal activation. If we suppose, however, that the 
number of excited atoms at any time is small compared to the number of per- 
turbing atoms, and the latter are all in their normal state, which will be true 
umder proper experimental conditions, then the statistical analysis depends 
mainly on the life time of the excited state. In this respect, two limiting cases 
must be distinguished. 

(1) The life time of the excited state may be so large that statistical 
equilibrium between the excited atom and its perturbers is established be- 
fore emission takes place. The statistical weight of any space configuration 
is then e~=")/4? instead of e-*’ *T which was used in the preceding dis- 
cussion. Consequently, formulae (25) and (31) are applicable if in the Boltz- 
mann factor Eo is replaced by E,y. 

(2) Emission occurs immediately after excitation, so that the statistical 
distribution is always determined by the forces between the unexcited struc- 
tures. In this case, formulae (25) and (31) apply as they are stated. 

In either case will the results of the present analysis be a qualitative 
guide. Nothing can be said in general, however, about the shift of lines which 
are due to transitions between higher states, where the forces of interaction 
may become very complex. 


CRITIQUE AND SUMMARY 


Aside from the necessary numerical uncertainties in the coefficients of 
the interaction energies there is a valid objection against the method of cal- 
culation employed in this paper. In solving the wave mechanical perturba- 
tion problem the distance between tie interacting structures has been treated 
as a fixed parameter. Then quantum dynamical reasoning has been aban- 
doned, and the remainder of the problem has been solved by the method of 
classical statistics. We are, of course, forced to adopt such an inconsistent 
treatment because of the difficulties which, at present, stand in the way of a 
quantum dynamical description of a large assembly of systems coupled by 
forces. It should be remembered, however, that this critique applies to all 
the usual treatments of similar problems, such as the calculation of virial 
coefficients and the like. 

The method is properly employed only as long as the thermal motion 
of the molecules is slow compared to the secular changes which the internal 
structure of the molecules undergoes as a result of the interactions. It is in- 


*3a Note added in proof: The question as to the existence of such an additional effect and 
its quantum mechanical interpretation will be considered in a later communication. 
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structive to carry this idea a little further and compare the various gases in 
this respect. Let us choose the time ¢ during which a molecule in its thermal 
motion passes through a distance equal to its own gas kinetic diameter as a 
measure of its slowness, and compare it with 7, the period of secular varia- 
tions. The magnitude of t may be obtained from the uncertainty relation: 
AE-7+=h/2z7, where AE is the energy of perturbation. For it we shall sub- 
stitute b/R,°, the energy at the closest distance of approach, referred to the 
collisions of Hg with a gas molecule. (Cf. Tables I and II.) Thus the values 
shown in Table III are found: 





Taste ITT, 
t- 10% (sec.) 7-10" (sec.) rit 
A 7 0.97 0.14 
No 6.3 2.2 35 
CO, 10 2.9 29 
ee 1.9 








| 


Hy 1.2 





The magnitude of 7/t shows that in all cases we are working in a critical 
region, and that the approximation should be much worse for He than for the 
other substances. Indeed we are inclined to regard this large value of 7/1, 
which is obtained for He as well as for He, as indicating the unsuitability of 
this method for problems of the type here discussed. 

The neglect of exchange phenomena in the calculation of interactions re- 
stricts formulae (14) and (16) to cases in which valence forces are absent. 
For if a chemical compound could be formed, the curve 7 in Fig. 1 would be 
entirely incorrect at small values of R. There would then in general be more 
than one mode of interaction, and at least one of them would correspond to a 
curve which, instead of turning upward as shown in the figure, continues 
downward to a much stronger minimum at a shorter distance of separation. 
Na and K are known to form a molecule. Hence, if the chemical affinity is 
sufficiently great it may be that our considerations regarding the shift of the 
D lines caused by perturbing K atoms are not appropriate. 

To summarize: the phenomenon of pressure shift is to be understood as 
produced by perturbations of the energy levels of the absorbing or emitting 
molecule. The energy of perturbation is caused by the interactions of the 
rapid internal motions of the structures, the forces being of the type desig- 
nated as “dispersion” forces by London, and different from the forces of 
static polarization. They vary with R~’, R being the distance between inter- 
acting centers. ° 

The theory is capable of explaining the numerical magnitudes of the shifts 
observed experimentally within the margin set by the uncertainty of other 
quantities involved in the calculation. It shows the shift to be proportional 
to the pressure of the perturbing gas, as found empirically. It explains further- 
more why most of the observed shifts are to the red, and suggests the occur- 
rence of blue shifts in cases which have not been investigated. The direction 
of the shift depends primarily on the relative spacing of the energy levels of 
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the interacting structures. The discussion is restricted, however, to the effect 
upon lines due to transitions between the lowest S and the lowest P state. 

The width of the line produced by the perturbations in question is an 
appreciable portion of the measured half-width, provided that the standard 
deviation of frequencies within the line is taken as a measure of the perturba- 
tion width. This standard deviation increases with the square root of the 
pressure. As a result, it is no longer necessary to hold classical Lorentz broad- 
ening responsible for the total line width, a procedure which has been shown 
to lead to improbably large collision diameters in some instances. The con- 
siderations are immediately applicable only to absorption lines; but the 
results should, under suitable excitation conditions, apply roughly to emission 
lines as well. 
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The Dark Current Time in Condensed Discharges in Air 
at Atmospheric Pressure 


By L. B. SNoppy 
GENERAL ELECTRIC COMPANY 


(Received February 29, 1932) 


The time of current flow prior to the appearance of luminosity in a condensed 
discharge was measured by means of the high speed rotating mirror developed by Hen- 
riot and Hunguenard. The discharge was initiated by ultraviolet light from another 
spark gap. This light was focussed on the cathode of the gap under investigation. The 
light from the two gaps after reflection by the mirror was focussed on a photographic 
plate. The separation of the images on the plate was a measure of the dark current 
time. This time was found to be a function of the electrode geometry. For symmetrical 
hemispherical electrodes, 6.5 mm in diameter, 4 mm apart, it was not greater than 
210-7 sec. It increased to 3X10~ sec. for a gap with two spherical electrodes, the 
anode 25.4 mm and the cathode 1 mm in diameter. As near as this method could 
determine, in all cases the luminosity appeared at the same time throughout the gap. 


INCE the publication of the theory of spark breakdown developed by 

v. Hippel and Franck,! the dark current time, i.e., the time during which 
current flows prior to the appearance of luminosity in condensed discharges, 
has been of considerable importance. In the theory outlined by them the 
discharge is initiated by photoelectrons liberated at the cathode. The gap 
space is assumed to be initially without either ions or electrons and the 
field intensity that necessary for static breakdown. Since the speed of the 
electrons is of the order of 107 cm/sec. at breakdown potentials, there must 
of necessity be an interval of at least 10-7 sec. (for a one cm gap with no over- 
voltage) between the liberation of the first electron and the complete break- 
down. 

This time must not be confused with the time lag of breakdown as it is 
ordinarily considered. Most of the time lag measurements of Pedersen,’ 
Beams,’ and others are concerned with highly overvolted gaps or with gaps to 
which a steep wave front is applied and the voltage allowed to build up until 
discharge occurs. The conditions in these experiments are not at all those pos- 
tulated by v. Hippel and Franck. The field strength is much more than the 
minimum necessary for breakdown with consequent higher electron speeds 
and greatly increased rate of ionization. There are also ions initially present 
in the gap space before the impulse is applied. This probably acounts for the 
short times observed (order of magnitude 10~- sec.). 

Street and Beams‘ have shown that with gaps swept free of ions the lag 
may be 10~* sec. or longer, even with very high overvoltage. In this case the 
initial supply of electrons is probably furnished by auto-electronic emission 

 v. Hippel and Franck, Zeits. f. Physik 57, 696 (1929), 

2 P.O. Pedersen, Ann. d. Physik 71, 317 (1923). 


3 J. W. Beams, Jr. Franklin Inst. 206, 809 (1928). 
* J. C. Street and J. W. Beams, Phys. Rev. 38, 416 (1931). 
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from the cathode. With the gap initially free of ions but supplied with elec- 
trons by photoelectric emission from the cathode, the breakdown again be- 
comes very short. In this case it is not possible to apply much over-voltage. 

For non-irradiated gaps to which just the minimum potential is applied 
the time lag may be several seconds in length.§ 

These experiments in most cases, except those initiated by ultraviolet 
light, do not fix the actual time at which the discharge is initiated as the inter- 
val measured is the total time taken by the voltage wave to rise to its final 
value. The methods usually do not indicate the time from the first flow of 
current to the appearance of luminosity which indicates the final complete 
breakdown. It was thought worthwhile to investigate the magnitude of this 
time interval by using the high speed rotating mirror developed by Henriot 
and Hunguenard® and improved by Beams.’ Instead of the constant intensity 
irradiation postulated by v. Hippel and Franck, a second spark gap was used 
as the source of ultraviolet light. 
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Fig. 1. Diagram of apparatus. R; =2. 105 ohms; R2=5 X 10° ohms; C; =0.01 mfd; C, =0.01 mfd. 


The experimental arrangement is shown in Fig. 1. The spark gaps G, 
(the light source) and Ge (the gap under investigation) with the condensers 
C, and C2 were charged in parallel from the same Kenotron tube through the 
resistances R; and Re. The light from G,; was brought to focus on the cathode 
of Gz by the quartz lens L,; (simple double convex lens). The combined light 
from the two gaps was brought to focus by a second lens (glass achromat) on 
the plate of the camera at D after reflection by the rotating mirror. A quartz 
mercury arc was arranged in such a way that gap G; was constantly irradi- 
ated. This caused G; to break down at very constant potential and prevented 
much overvolting of Ge. Care was of course taken to prevent any light from 
the mercury arc striking G.. Gap G; was adjusted in such a way that Gy 
never discharged unless irradiated by light from G,. The gaps were carefully 
lined up so that with the mirror stationary the images were exactly superim- 
posed on the ground glass screen of the camera at D. 


® K. Zuber, Ann. d. Physik 76, 231 (1925). 
® Henriot and Hunguenard, Jour. d. Phys. et Radium 8, 443 (1927). 
7 J. W. Beams, Rev. of Sc. Inst. 1, 667 (1930). 
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To make sure that the ultraviolet light from G; was properly focussed on 
Ge, the following procedure was adopted. With G, tripping Gz each time, the 
potential of G,; was lowered by decreasing the gap spacing and the position 
of the quartz lens adjusted until the minimum potential at which constant 
tripping of G. would take place was obtained. This evidently corresponded to 
the position of maximum ultraviolet illumination. 

The glass lens 1. was adjusted so that the top of the cathode of Gs was 
sharply outlined on the camera screen. Since the quartz lens was uncorrected 
and since the position of maximum ultraviolet illumination did not quite 
bring the visual image of G, to a sharp focus on the tip of Gs, the image of G, 
on the camera plate is not as well defined as that of Gs. This is not a source of 
great error, however, for the spark does not strike at precisely the same point 
of the gap surface in consecutive discharges. It was found that with the gaps 
irradiated this wandering was much less pronounced than is ordinarily the 
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Fig. 2. Photograph of discharge. Electrodes of G, brass spheres, 6.5 mm in diameter. 


The Kenotron system was adjusted to charge the condensers to break- 
down potential in from 2 to 3 seconds. With this slow charging rate the gap 
space was swept practically free of ions between discharges, allowing break- 
down to take place at the minimum potential in a field undistorted by the 
presence of a large number of ions. 

It is evident that with the mirror rotating there will be a separation of the 
images of the two discharges if the time between the irradiation and the ap- 
pearance of luminosity in G, is greater than the resolving power of the rotat- 
ing mirror. In this work the mirror was used at speeds from 160 r.p.s. to 
2100 r.p.s., corresponding to linear image speeds of 1.6410° to 2.14 10° 
em sec. With the last speed it should be possible to detect easily a difference 
of 1077 sec. in image separation. 

This resolving power was, however, decreased by the wandering of the 
spark on the electrode surfaces. In each case the amount of the variation was 
determined from measurements made with the mirror stationary and allow- 
ance made for it in computing the time separation. With cathodes of small 
diameter (1 mm), the wandering was practically eliminated. 
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The time measured here is evidently made up of two intervals; the first, 
that required to liberate an electron from the surface of the electrode, and 
second, that between the liberation of electrons and the actual breakdown. 
The first interval was shown by Lawrence and Beams> to be approximately 
3X10°* sec., much smaller than this’method could detect. The separation 
measured here can consequently be considered as a true dark current time. 
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Fig. 3. Photograph of discharge. G. electrodes, 1 mm spheres. 


It is assumed here that the ultraviolet illumination of Gs coincides with 
the visible illumination. Although the ultraviolet and visible light probably 
do appear at slightly different times, the separation can hardly be greater than 
1 or 2X10°° secs. 
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Fig. 4. Photograph of discharge. G, anode, 6.5 mm in diameter. Cathode 1 mm in diameter, 


For the photograph shown in Fig. 2, the electrodes of G, are brass hemi- 
spheres, 6.5 mm in diameter. The variation in point of starting on the elec- 
trode surface is quite noticeable for spheres of this diameter. Allowing for this 
variation the dark current time is found not to exceed 2X10 7 sec. In the 


* E. O. Lawrence and J. W. Beams, Phys. Rev. 32, 478 (1928). 
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photograph of Fig. 3 the electrodes of G, are 1 mm in diameter. For this case 
the time does not exceed 3 X10‘ sec. 

The slight increase in image separation with this change to 1 mm spheres 
made it of interest to try the experiment with very unsymmetrical fields, 
since it is well known that the time lags with point-plane and point-sphere 
gaps are much longer than with the ordinary symmetrical sphere gap. 

In Fig. 4 are shown three photographs taken with an anode 6.5 mm in 
diameter and a cathode 1 mm in diameter. The average time separation is 
12X10 ‘sec. with an image speed of 1.48 10° cm sec. 

Two photographs with anode 23 mm and cathode 3.17 mm in diameter 
are shown in Fig. 5. The average separation is 2.1 X10 “sec. 








ee" 
X10 Sec. 


Fig. 5. Photograph of discharge. G, anode, 23 mm in diameter, Cathode 3.17 mm in diameter. 


The results are tabulated in Table 1. The anode and cathodes were brass 
except for the last result; for this a steel ball was used as anode. No photo- 
graphs were obtained in this last case with 25.4 mm anode and 1 mm cathode. 


TABLE |. Time lag of spark breakdown for electrodes of various sizes. 


Electrode Characteristics 


Anode Cathode Gap Spacing Image Speed Time Separation 
(dia. in mm) (dia. in mm) (mm) (cm sec.) (sec.) 
0.5 6.5 4 2.14 10° Not greater than 
2x10-? 
1.0 1.0 4 2.14 10° Not greater than 
3x107% 
6.5 1.0 5.3 7.0 10° 11(+1)xK10™° 
1.48 x 10° 
23.0 5.42 $.3 1.48 & 10° 21(+3)x10-* 
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25.4 (steel) 1.0 04 10° 3x10 
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The separation was so great that the images appeared together on the plate 
only once or twice in two or three hundred discharges. The separation was, 
however, measured on the screen with a reasonable degree of accuracy. 

The potential difference and gap spacings were adjusted so that no corona 
or brush discharge was visible at the small electrode of Gs. Since this experi- 
ment was carried out with all apparatus in a small dark room any discharge 
could be easily detected. 

As a check against errors due to improper focussing, etc., the process of 
tripping was reversed. Without changing the gap arrangement in any way, 
the light from the quartz mercury vapor are was focussed on G, instead of on 
G,. This caused G» to discharge first, initiating G; in turn and thus reversing 








X 1o-° S eC. 


Fig. 6. Photograph showing G, tripping G;. 


the original process. This reversed effect is shown in Fig. 6. The experimental 
conditions are exactly the same as in Fig. 4, except for the position of the 
quartz arc. It is evident that the order of the images is reversed. The image 
of Gz appears before that of G,. 

These results are in accordance with the known time lags of point-plane 
and point-sphere gaps. They are, however, remarkably constant when com- 
pared to the results obtained with point-plane electrodes. For example, 
McEachron and Wade’ obtained time lags ranging from 9X 10° to 380 XK 10 ° 
sec. for a point to plane discharge of a 12 mm non-irradiated gap (polarity the 
same as in this work). 

Another interesting feature is that the appearance of luminosity in the 
irradiated gap is instantaneous as near as this method is capable of determin- 


¥ McEachron and Wade, A.1.E.E. 44, 832 (1925). 
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ing. In the case of the longest lags investigated here, the luminosity from the 
first gap G, becomes very faint before the second gap G2 breaks down. Even 
for lags of this length the effect of the ultraviolet light was real as the second 
discharge could be entirely eliminated by placing a glass screen between the 
two gaps. 

For lags not over 1 X10~* see. in length, Gs was illuminated by light of high 
intensity. For the long lags of 3X10-° sec. the light was intermittent and 
rapidly decreasing in intensity, due to the damping of the oscillations of 
the G, circuit, brought about by the resistance of wires and contacts and the 
energy loss in the spark itself. Introducing enough resistance in the G, circuit 
to prolong the discharge for 3X 10-5 sec. decreases the light intensity so much 
that consistent tripping is difficult to obtain. More capacity could of course 
be used, but in that case the electrodes would be badly pitted, again making 
good tripping difficult. 

An attempt was made to trip G2 with the polarity reversed, i.e., the large 
sphere as cathode with the anode of small diameter. This was unsuccessful, 
no consistent tripping could be obtained. The difficulty seemed to be in the 
formation of a corona or brush discharge from the small anode before the 
field intensity at the cathode was sufficiently high for the electrons liberated 
to produce breakdown. It is known that breakdown occurs with a point 
sphere or point-plane arrangement at a much lower voltage with the point 
positive than with it negative.’ 


‘© Wolcott, Phys. Rev. 12, (1918). 
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Effect of the Target on Breakdown in Cold Emission 


By WILLARD H. BENNETT 


MENDENHALL LABORATORY OF Puysics, OHIO STATE UNIVERSITY 


(Received February 15, 1932) 


By application of a magnetic field in a certain way, the effects of the target on 
emission of electrons from a cold cathode could be separated from the effect of con- 
ditions characteristic of the cathode surface. Observations show that the condition of 
the anode has a large effect on breakdown. 


HE design of tubes to give high velocity particles has been handicapped 

by the fact that destructive cold emission is apt to occur in the tube when 
potentials of the order of one million volts are applied.! Recent attempts to 
avoid this effect have been made but the complicated manners in which the 
high speed particles are to be obtained seem seriously to limit the magnitude 
of the useful current to be developed in such tubes.” 

It is well known that when electrodes are well cleaned, destructive emis- 
sion occurs only when the electric field somewhere on a cathode has reached 
the order of one million volts per centimeter, but the same amount of emis- 
sion is given from electrodes which have not been heated in vacuum or other- 
wise cleaned or polished, at fields of the order of one hundred thousand volts 
per centimeter.’ Little work seems to have been done to find out why this 
treatment makes so much difference. 

Theoretical considerations' lead to the conclusion that the first measurable 
field currents (say, order of 10~'° amps.) should occur when the electric field 
at the surface of a cathode has reached the order of ten million volts per 
centimeter. Actually, with well polished or outgassed electrodes, such cur- 
rents are observed at fields of the order of one million volts per centimeter. 
This is explained on the basis of Schottky’s theory’ of submicroscopic points 
or ridges on the surface of the cathode. There seems to be no essential differ- 
ence, with regard to these first small currents, between thoroughly outgassed 
electrodes’ and electrodes which have not been outgassed but only well 
polished.’ The great, unexplained, discrepancy occurs with the breakdown in 
the two cases. 


1W. D. Coolidge, J. Frank, Inst. 202, 639 (1926); Lauritsen and R. D. Bennett, Phys. 
Rev. 32, 850 (1928); Tuve, Breit and Hafsted, Phys. Rev. 35, 66 (1930); Brasche and Lange, 
Naturwiss. 18, 765 (1930); Zeits. f. Physik 70, 10 (1931). 

? Lawrence and Livingston, Phys. Rev. 38, 834 (1931); Lawrence and Sloan, Phys. Rev. 
38, 586 (1931) and Proc. Natl. Ac. Sci. 17, 64 (1931). 

3 Millikan and Shackelford, Phys. Rev. 15, 239 (1920). 

‘ Fowler and Nordheim, Proc. Roy. Soc. A119, 173 (1928). 

5 Schottky, Zeits. f. Physik 14, 80 (1923). 

6 Eyring, Mackeown and Millikan, Phys. Rev. 31, 900 (1928). 

7 W.H. Bennett, Phys. Rev. 37, 582 (1931). 
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The term “breakdown” will be used in what follows to designate the 
change in the cathode which causes the current to change suddenly in order 
of magnitude without any change in the “measured field”.* With well polished 
or thoroughly outgassed cathodes, the first breakdown always leads to new 
held-current characteristics having higher order values of current for a given 
field than the corresponding values of current before the sudden increase. 
Breakdown is not reversible.’ It cannot be attributed simply to a sudden de- 
crease of work function at the emitting surface, but one is forced to conclude 
that sharper submicroscopic points have been produced on the surface of the 
cathode. 

Cases are known where measurement of the field-current characteristic 
did not show a breakdown'" but these were all cases where the electrodes 
were thoroughly outgassed. In general, the less thoroughly the electrodes 
(either the cathode or the target of emission, or both) have been outgassed, 
the more severe the breakdown is."! 
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Fig. 1. Arrangement of electrodes in previous experiments. 


The purpose of this investigation was to ascertain what factors are neces- 
sary for breakdown, and thus to be able to answer the questions: (1) why is 
breakdown so much more severe with unoutgassed electrodes; and (2) how 
can breakdown be eliminated from high voltage tubes in which the electrodes 
must be so large that heating to high temperatures in vacuum is impossible? 


EXPERIMENT 


[In a previous experiment,” two parallel plane electrodes furnished an 
electric field which was nearly uniform in the center of the tube. A fine metal 
point was suspended in a hole in one of the electrodes. Currents drawn from 
the point were attracted towards the opposite electrode but were deflected 
by a magnetic field perpendicular to the plane of the figure. (See Fig. 1). Cal- 
culation of the path of an electron in perpendicular electric and magnetic 
fields shows that the path is cycloidal and the direction of drift is perpendicu- 
lar to both the electric and magnetic fields. This path was clearly observed 


§’ By “measured field” is meant the field calculated from the large scale geometry of the 
electrodes. Stern, Gossling, and Fowler, Proc. Roy. Soc. 124, 700 (1929). 

® Pits in the surface of the cathode have been seen with a microscope, after breakdown. 

10 Millikan and Eyring, Phys. Rev. 27, 57 (1926). Wires I and II. 

" See, also, Piersol, Phys. Rev. 31, 444 (1928); and W. H. Bennett, reference 7. 

2 W.H. Bennett, reference 7, pp. 584-586. 
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traced on the side of the tube, as shown in the figure. When the point was al- 
lowed to project beyond the plane of the lower face of the upper plate, all 
the emission was confined to a small spot on the glass directly opposite the 
point along a magnetic line of force, but when the point was placed a little 
above that plane, the emission was thrown on the glass as shown. 

In the new tube used in this investigation, a curved shield was used. The 
shield was in the shape of two-thirds of a cylinder, length four inches, 
diameter one and one-half inches, the missing third of the evlinder being cut 
parallel to the axis. The edges were turned back from the axis, and a slot was 





Fig. 2. View into end of tube. 


cut in one end midway between the edges. The end of the shield with the slot 
is clearly visible in Fig. 2. The anode was four inches long and three-fourths 
inch wide. The edges of the anode were also turned back. The fine metal 
point was held in a glass sleeve through the slot in the shield, at distances 
from one to three millimeters from the anode. 

In the vicinity of the anode and the plane AA (Fig. 3), the electric field 
will be practically uniform, but as an electron approaches a side of the anode, 
there will be an increasing component of the electric field towards the plane 
AA. The decrease in the vertical electric field will cause a decrease in the 
breadth of the cycloidal path instead of allowing the electron to fall farther 
towards the anode. The magnetic field thus confines the electrons to a region 
fairly centrally located over the anode and forces the electron to move along 
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the tube away from the emitting point to some place outside the region of 
strong magnetic field. In this manner, the emission from the point can be 
prevented from striking the anode near the emitting point. 

Pressures were measured on an ionization gauge which was attached to 
the tube at a place opposite the pumping outlet. Pressure readings were 
usually between 2-10-° and 1-10-> mm. Potentials were applied and currents 
were measured in the same manner as reported previously.'* A ballast resist- 
ance of 3-107 ohms was used. 


OBSERVATION 


With all electrodes copper, or with a copper shield and point and a mag- 
nesium anode, it was observed that after breakdown and steadying the cur- 
rent (by decreasing slightly), the potential applied to the tube, the applica- 
tion of the magnetic field caused fresh breaks. On the other hand, with a 


A 
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Fig. 3. Arrangement of electrodes in present experiment. 


freshly mounted point, after breakdown and steadying the current, both ina 
strong magnetic field, the removal of the magnetic field caused fresh breaks. 
After the magnetic field had been changed through its full range of values 
(5000 gauss to —5000 gauss) and the current had been steadied, alterations 
of the magnetic field did not produce any further observable changes in the 
current. (Not exceeding five percent). The pressure usually decreased with 
such treatment from 2-10 to 1-10 mm. 

With no magnetic field applied, after breakdown and steadying the cur- 
rent, the fluorescent spots on the anode never appeared at the place on the 
anode directly opposite the emitting point, but always all around this place, 
and frequently nearly out to the edge of the anode. 

With the magnetic field applied, immediately after breakdown, spots ap- 
peared on the anode at a place near the emitting point, where they would 
have been expected for a pure electron stream with a magnetic field of about 
one-fifth the intensity used. In the conditions obtaining, the breadth of the 
cycloidal path for an electron varies inversely as the intensity of the magnetic 
field, and the distance of the emitting point was about four times the breadth 


3 \W.H. Bennett, reference 7, p. 583. 
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of the path calculated for an electron. With the copper anode, these spots 
soon disappeared and all the emission went down the tube to the end of the 
anode farthest from the emitting point. With the magnesium anode, these 
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Fig. 4. Field-current characteristics with copper electrodes. 


























spots took longer to disappear. While the spots were visible on the anode 
near the emitting point, fluorescent streaks appeared on the glass walls of 
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Fig. 5. Field-current characteristics with magnesium anode. 


the tube at the end farthest removed from the emitting point. As the spot 
on the anode gradually faded and finally disappeared, the streaks at the far 
end of the tube did not seem to change much in shape or intensity. 
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Successively mounted copper emitting points, used with copper anode 
and shield, gave field-current characteristics which coincided on an average 
as well as the two curves shown in Fig. 4. No definite variation of the char- 
acteristics could be traced to variations in magnetic field or in pressure of the 
residual gas in the tube. 

With a magnesium anode, immediately after breakdown and steadying 
the current, the emission followed a characteristic like that shown by curve 
1, Fig. 5. The part of the curve under 10~ amperes was reproducible, but as 
soon as the emission was increased to above this value, it rapidly fatigued to 
a new characteristic shown with curve 2, which remained stable thereafter. 
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Fig. 6. Field-current characteristics with magnesium anode. 


The test was now made of using a fresh copper emitting point and the mag- 
nesium anode, and producing breakdown in the strong magnetic field. The 
emission followed the characteristic shown with curve 1, Fig. 6. Removal of 
the magnetic field caused a new breakdown. After steadying, the emission 
followed curve 2, which was reproducible until the current was held above 
10-5 amperes for about thirty minutes. After such fatigue, the emission fol- 
lowed curve 3. 


EXPLANATION 


As mentioned before, theory indicates that all the emission comes from 
submicroscopic points or ridges. A natural imperfection of the surface, such 
as a bit of chemical impurity or a small pit should more probably give emis- 
sion directed very nearly straight at the anode (see curve A, Fig. 7), if it lies 
in the position where the field first becomes sufficient to give measurable 
emission, because the “measured” field is a maximum at the point on the 
cathode where a straight electric line of force intercepts it. 
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The positive ions formed from residual gas or at the anode by the electron 
stream would in part, at least, follow the stream back to the emitting point. 
This bombardment of the emitting point by positives, if the current of the 
positives is not too concentrated, would eliminate the emitting point, per- 
haps by pounding it down. It is known that these first currents before break- 
down are very erratic and frequently decrease suddenly to values too low to 
be measured and remain so indefinitely at fields just below that at which 
breakdown occurs." It has been reported previously!’ that bombardment of 
the cathode by hydrogen positive ions, if moderate enough, eliminates the 
emitting points, although too much bombardment makes the cathode emit 
much higher currents for a given field than before. Thus if the potential 
applied to the tube is increased gradually enough, the fine points directing 
emission straght at the anode will be eliminated. 





~ 


4 
Fig. 7. 


An imperfection which occurs somewhat asymmetrically with respect to 
the field (see curve B, Fig. 7) would give a stream of positives which would 
miss the emitting point, because the sharp curvature of the path of the elec- 
tron stream near the point would serve to throw most of the positives out of 
the electron stream because of their high velocity and also because of their 
greater mass. 

Perhaps the presence of these positives near the emitting point serves to 
increase the field at the point, thus momentarily increasing the emission. 
This however is not an important question right now. The important point 
is that by such a process as this, a stream of positives can bombard the 
cathode near the emitting point, but not directly at it, and this stream of 


4 This usually occurred with the unoutgassed spheres used in the previous experiment. 
1 W. H. Bennett, reference 7, p. 586-588. 
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positives can become very dense without eliminating the emitting point. We 
of course know that a dense stream of positives disintegrates the cathode 
surface by the process known as sputtering, and in this manner, holes are 
torn in the cathode surface. These may be expected to have ragged edges, 
and the edges would continue to be ragged even though the stream of positives 
continued to tear away successive particles. 

This process would continue indefinitely because it would stop only when 
either (1) the source of the positives is nearly exhausted, or (2) the current is 
greatly decreased by sufficiently decreasing the field applied to the cathode. 


DISCUSSION 


The magnetic control of the emission stream has furnished a means of 
varying any effects that the stream striking the anode may have, independ- 
ently of any conditions characteristic of the cathode alone. 

After the tube had been “cleaned up” by drawing currents of about 10-° 
amperes while varying the magnetic field successively through its entire 
range of values, no luminous spot appeared on the anode immediately op- 
posite the cathode. Sweeping the electron stream through the tube served to 
free most of the gas to be freed easily by such bombardment. Before such 
bombardment, a spot always was very clearly visible for a while, even though 
the magnetic field had an intensity at least four times that sufficient later 
to make the spot disappear. This shows clearly that gas freed from the anode, 
although not sufficient to increase appreciably the pressure in the tube as a 
whole, was ionized in the electron stream and because of the greater mass of 
the positive ions, served to keep the stream of electrons and positive ions in 
a path whose radius of curvature was about five times that of the path which 
a pure stream of electrons would have taken. 

The higher concentration of positive ions to be expected earlier in the 
bombardment of any area of the anode would produce rupture more readily 
early in the history of a tube than later, on the basis of the explanation ad- 
vanced above, since the supply of gas from any bombarded area of the anode 
would gradually become exhausted. This agrees with the observation that 
ruptures when once started continue indefinitely but become gradually less 
frequent. 

The fact that the current becomes steady when decreased to one-tenth 
or less the average value during the breakdown, agrees well with the explana- 
tion because the concentration of positive ions will decrease by at least this 
ratio. This steadying may be due in part to the ability of a stream of posi- 
tives of lower concentration to pound down irregularities without producing 
rupture.'® The gradual decrease of emission reported by Millikan and Eyring’ 
and called “conditioning” was apparently due to such a pounding down of ir- 
regularities by streams of positives of low concentration. Breakdown always 
occurred if the electrodes had not been outgassed. The few cases where no 


6 This effect is apparently present when there is no breakdown. 
17 Millikan and Eyring, reference 10, p. 55. 





424 WILLARD H. BENNETT 


breakdown was reported occurred only in experiments where the anode had 
been thoroughly outgassed.'$ 

The effect of a magnesium anode on the characteristic indicates that some 
substance, perhaps sodium, has travelled from the target to the cathode and 
reduced the work function. This effect agrees with the effect of a magnesium 
anode found in the previous investigation’ if one considers that any sub- 
microscopic point is much more likely to give emission along a straight electric 
line of force, between the spheres (which are effectively parallel plane plates 
where the emission is taking place) than in the case of point and plane. 

It is somewhat obscure just what effect outgassing the cathode may have 
beyond evaporating from the surface impurities having high enough vapor 
pressures. 

As the result of this investigation it may be concluded that the breakdown 
in cold emission, at pressures of 10-° mm or less, is due to a stream of positive 
ions with high velocity, which is produced by an initially small electron cur- 
rent striking the target of the emission. Elimination of cold emission from 
high voltage tubes, if unoutgassed electrodes are to be used, seems to depend 
on preventing the positives leaving the target from hitting the cathode with 
high velocities. A means of accomplishing this is being incorporated in the 
design of a million-volt tube to be built in this laboratory. 

The writer wishes to acknowledge the able assistance of Mr. Eugene V. 
Rasor in assembling and calibrating the apparatus used in this investigation. 


18 In Piersol’s experiments (reference 11, p. 444) breakdown occurred in spite of the fact 
that the anode had been baked, but breakdown occurred only when the current exceeded a 
certain rather high value, (10-* amperes). 

19 W.H. Bennett, reference 7, p. 588-589. 
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(Received March 22, 1932) 


A nickel target was bombarded with positive lithium ions and observations were 
made of the number of negative charges emitted per positive ion striking the target. 
The energies of the bombarding ions were within the ranges 1000 to 2000 electron- 
volts and 5000 to 20,000 electron-volts, approximately. Observations were made with 
the target at room temperature and at a yellowish-red heat. There is a marked differ- 
ence between the curves found for the two cases. For the cold target the curve has a 
maximum between 10,000 and 11,000 volts, while the number of negative charges 
emitted per positive ion from the hot target increases from 0.13 at 1000 volts to 2.35 
at 20,000 volts, no maximum having been found. 


INTRODUCTION 


HE emission of electrons from a metal target bombarded by high speed 

positive ions has been studied by Fiichtbauer,! Campbell,? Baerwald® 
and others. The reported data are in very poor agreement. In general it has 
been found that the emission increases with the velocity of the bombarding 
ions but saturation points and maxima have been found, beyond which an 
increase no longer takes place. Two conclusions given by Baerwald are: (1) 
the chemical character of the primary rays is without influence upon the 
amount or speed of the secondary electrons, and (2) the nature of the metals 
bombarded is without influence upon the amount or speed of the secondary 
electrons. None of this work appears to have been done with hot or outgassed 
targets, hence it is possible that the observed emission is really not charac- 
teristic of the metal of the target but that the emission was largely from a 
layer of gas on the surface. In fact, the recent work of Thompson’ and Wood- 
cock® has shown that when the target is covered with a gaseous layer the 
results may be further obscured by the emission of negative ions of the gas or 
of impurities on the surface. The author has made measurements of the 
emission of negative charges from a nickel target bombarded by positive 
lithium ions by use of an apparatus in which the target could be kept at a 
vellowish-red heat while observations were being made. 


1 Fiichtbauer, Phys. Zeits. 7, 153 (1906). 

2 Campbell, Phil. Mag. 29, 783 (1915). 

’ Baerwald, Ann. d. Physik 41, 643 (1913); 60, 1 (1919); and 65, 167 (1921). 

* For a more complete bibliography and discussion of previous work the reader is referred 
to the Handbuch der Physik, Volume XXIV, pp. 105ff. 

* J.S. Thompson, Phys. Rev. 38, 1389 (1931). 

® K.S. Woodcock, Phys. Rev. 38, 1696 (1931). 
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EXPERIMENTAL ARRANGEMENT AND METHOD 


The source of positive ions was a small crystal of spodumene on a heated 
platinum strip. This is an abundant source of Li* ions. The ions were acceler- 
ated toward the brass plate B, Fig. 1, by a potential which was in most cases 
about 800 volts. Those going through the hole in the brass plate were then 
accelerated toward the target 7 by a variable potential supplied by a trans- 
former and kenotron. The target was mounted just inside a 6 mm hole in the 
end of a brass cylinder but could be moved below the hole by a magnetic 
device. The cross-section of the positive ion beam was much less than the area 
of the hole in the end of the cylinder and the alignment of the apparatus was 
checked by observing the position of the small spot produced on the target 
by the positive ions. The connections for heating 7 are not shown. 
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Fig. 1. Experimental arrangement. 


The method of making observations was essentially that used by Fiicht- 
bauer. When the target is removed the positive ions strike at such a depth 
within the brass cylinder that no secondary electrons can get out. The gal- 
vanometer then registers J+, the amount of the bombarding positive current. 
When the target is in front of the hole the secondary electrons go back to the 
brass plate. The galvanometer current then is J++J-. To find the number 
of electrons released by each positive ion, that is, J+/J~, we need use only the 
two galvanometer readings taken above. Thus 


(I+ + I-)/I+ =1+1-/I* or I-/* = (I+ + I-)/P* - 1. 


The potential supplied by the transformer was measured by a spark gap, 
the range of voltages used being approximately 5000 to 20,000. A liquid air 
trap was always used to keep Hg vapor from the condensation pump out of 
the apparatus. The zero reading of the galvanometer, that is, with the plati- 
num strip cold, was taken at each potential since it was found to vary some- 
what with the potential. The current 7+ was of the same order of magnitude 
for each reading. 
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OBSERVATIONS 


The first observations were made with a cold target which had not pre- 
viously been outgassed by heating. Fig. 2 shows typical curves. The data for 
curve 5 were obtained 24 hours later than those for a, the target meanwhile 
having stood in a high vacuum. The curves reach a maximum between 10,000 
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Fig. 2. Emission from cold target. 


and 11,000 volts accelerating potential. This maximum appears to shift 
slightly toward lower voltages as the target becomes better outgassed. 

Fig. 3 shows the results obtained when the target was hot. Curve a was 
obtained with the target just hot enough to emit visible light. There is no- 
ticeable only a faint trace of the maximum which appeared in the curves for 
the cold target and it comes at about 9000 volts instead of between 10,000 
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Fig. 3. Emission from hot target. Dots: Target just hot enough to omit visible light. Circles: 
Target dull red. Crosses: Target bright cherry red. Squares: Target bright yellowish red. 


and 11,000 volts as before. The results obtained when the target was a bright 
cherry-red and a yellowish-red, represented by curve ), are identical within 
experimental error hence it is logical to assume that the emission is not af- 
fected by adsorbed gases if the target is kept at a yellowish-red heat but is the 
true emission from the metal. Under these conditions the emission of negative 
charges from Ni under the bombardment of positive Li ions appears to differ 
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but very slightly from a linear function of the energy of the bombarding ions 
over the range studied. The other set of points shown in Fig. 3 are for an 
intermediate temperature and are not of any special interest. 

Observations of the emission from the hot Ni target were also made at 
lower voltages, from 1000 to 2000 volts. The apparatus was the same as be- 
fore except that the transformer and spark gap were replaced by batteries and 
a voltmeter. The emission curve, Fig. 4, is not quite a straight line but its 
slope increases slightly with accelerating potential. Thus far no satisfactory 
measurements have been made over region from 2000 to 5000 volts but it is 
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Fig. 4. 


quite likely that the slope of the curve gradually decreases in that region since 
the average slope in the range 5000 to 20,000 volts is only about 1/3 of that 
in the range 1000 to 2000 volts. Furthermore measurements taken in the 
range 2000 to 5000 volts point to the same conclusion although the potential 
readings were in error by an undetermined factor so that they could not be 
used in plotting the curve. 

The difference between the curves obtained before and after heating the 
target is very probably due to a layer of adsorbed gas on the cold target, but 
the explanation of how a layer of adsorbed gas could cause a maximum such 
as observed here is obscure. Campbell? has observed a maximum in the emis- 
sion curve of copper bombarded by hydrogen ions but this was at a much 
higher potential, about 40,000 volts, and was followed by a steady drop. The 
maximum in the present case appears similar to a “line” superposed on a 
slowly increasing function. Before attempting an explanation an analysis of 
the negative particles liberated should be made to determine their mass and 
charge. 

The author takes pleasure in acknowledging the many helpful suggestions 
given by Professor Dempster under whose direction this work was done. 
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A New Mass Spectrometer 


By W. R. SMYTHE AND J. Matravucn* 
CALIFORNIA. INSTITUTE OF TECHNOLOGY 


(Received March 22, 1932) 


A new type of mass spectrometer has been constructed in which no magnetic 
fields are used. By applying an alternating electric field at right angles to the beam 
of positive particles all but certain velocities are removed from the beam. Because of 
the fact that a symmetry not contemplated in the theory previously published was in- 
troduced in the construction for mechanical reasons, the apparatus transmits some 
other velocities besides those desired. This produces extra peaks and complicates the 
mass spectrum. Because of this and the fact that the apparatus is badly contaminated 
with mercury from the diffusion pumps in spite of the continued use of liquid air, we 
have designed a new apparatus in which, it is expected, both effects will be eliminated. 
Comparison of the peak at 32 with that at 34 gives a maximum ratio of the intensity 
of O; 6Or¢6 to O:Ois +H gy of 300. This is presumably the ratio with the smallest 
contamination of mercury and means that the ratio of Oy¢ to O;s is greater than 600. 


OME time ago! one of the authors described a method of sorting out, from 

a beam of charged particles, those having a certain velocity, regardless 
of the mass. The plan was to apply, at right angles to the beam, alternating 
electric fields in such a way that only those particles having a certain veloc- 
ity would pass through them undisplaced and undeflected. By expressing 
the amplitude of the fields as a function of position, in terms of a Fourier's 
series it was shown that certain symmetry conditions were required of the 
fields to produce the desired results. An arrangement satisfying these condi- 
tions was suggested, in which there are two separate fields, the distance be- 
tween their centers being such that a particle having the specified velocity 
enters the second field when the phase is opposite to that in which it entered 
the first. The fields are alike in form and if we take the origin at the center of 
one, its amplitude, f(x), must equal f(x—a), where 2a is the length of the 
field. Particles traveling in the x direction in such a pair of fields with a velo- 
city v will emerge undeviated and undeflected if v= 2av/n, where v is the fre- 
quency of the field and is an odd integer. It was pointed out that the beam 
emerging from such a filter could be analyzed for mass by either electric or 
magnetic deflection. The latter method gives twice the mass resolving power 
of the first because it is less sensitive to inhomogeneity of velocity. 

A mass spectrometer using the above principles has been constructed as 
shown in Fig. 1. Two similar pairs of condensers are used, the upper plate 
of each pair being fastened to the same piece of plate glass, which, in turn, 
is fastened to the top of a brass box with partitions as shown. The lower 
plates are similarly mounted on the lower side of the box. Each box fits in 
accurately centered rings in a long brass tube. One box is clamped in position 
when the apparatus is assembled, but the other can be moved along the axis of 
the tube when the apparatus is in operation by means of the rack and pinion 


* International Research Fellow. 
1 Smythe, Phys. Rev. 28, 1275 (1926). 
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shown, and its position observed through a window. Electrical contact is 
made to the condensers by spring plungers which rest against the strips which 
connect each condenser pair. Slits placed at S; and S, serve to collimate the 
beam, and slits at Ss and S, exclude that portion which has been displaced 
or deviated in the fields. 

The aluminum cathode shown at the extreme left in Fig. 1 is pierced by 
a rectangular channel 30 mm long having a cross section 0.5 mm by 3 mm. 
Since both the positive rays and the gas from the discharge tube pass through 
this channel a pump exit and a second similar channel are placed between the 
cathode and the first slit at S;. This pumping tube is connected between the 
two stages of a mercury diffusion pump and the other two pumping tubes are 
connected on the high vacuum side of the pumps. In this way, with a three 
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Fig. 1. Schematic diagram of the mass spectrometer. 


centimeter dark space in the discharge tube, there seems to be very little 
scattering of the positive beam in the 1.25 meters between S, and S;, when 
there are no leaks. 

At S, the beam, containing only certain velocities, emerges from the filter, 
is deflected at right angles by an electrostatic field, measured with a Wolff 
potentiometer, and impinges on slit S;. Behind this slit is a plate connected 
to a Hoffman electrometer. The electrometer current, plotted as a function of 
the deflecting voltage, shows peaks at certain values which are proportional 
to the masses of the positive ions present. In measuring currents the electrom- 
eter is disconnected from ground and the zero read. Then, by an automatic 
telechron timing device, the deflecting field is turned on for an integral num- 
ber of seconds, the interval being accurate to about 0.001 second, and the 
deflection read after the needle comes to rest. Intervals of one second are used 
for the strong peaks and of a minute or more for the very weak ones. Since 
the instrument and shields surrounding the leads are evacuated there is no 
readable leakage in ten or fifteen minutes. When the positive current is steady 
none of a group of six measurements, made with the same deflecting field and 
giving a deflection of 20 cm or more, should deviate more than one part in 
2000 from the mean. 

The alternating field applied to the filter is supplied by a crystal-controlled 
oscillator, containing four UX 210 tubes. The crystal is mounted in a water- 
cooled holder in the grid circuit of the first tube and a slight feedback is neces- 
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sary to keep it going. The output from this tube is then applied to the grid ofa 
second tube which is kept so strongly negative with a B battery that no plate 
current flows unless the crystal is oscillating. In this way current pulses hav- 
ing the crystal frequency (A=120 m) flow in the plate circuit of the second 
tube. Two inductively coupled and neutralized circuits, which can be tuned 
to wave-lengths between 25m and 70m permit amplification of the second 
(60m), third (40m) and fourth (30m) harmonics of this pulsating current. 
The filter condensers form part of a tuned circuit inductively coupled to the 
last stage of the amplifier. The strength of the alternating field is controlled 
by the tuning of this last circuit. This tuning and that of the amplifying cir- 
cuits has no measurable effect on the frequency. This was proved by beating 
with another circuit in a distant part of the building and tuning the beat note 
to a flute. No variation in the pitch of this note could be detected when the 
tuning dials were turned. 

The discharge tube consisted of a Pyrex cylinder 20 cm long and 5 cm 
in diameter except around the cathode where it was contracted to 2.5 cm 
diameter. It is mounted, with a little graphite to prevent sticking, on the 
water cooled cone shown at the left of Fig. 1, and beeswax is run around the 
outside after mounting. A silicon metal anticathode is fixed about 5 cm from 
the cathode face in the center of the tube. When the tube is in operation the 
anticathode usually runs at a bright red heat. The anode is an aluminum cy- 
linder mounted in a side tube 15 cm from the cathode face. The gas to be 
analyzed enters the tube through a liquid air trap on the side opposite the 
anode. The voltage for the discharge tube is the rectified output from a pair of 
neon sign transformers. The tube is usually run at from 5000 to 8000 volts, 
as read on a Braun electrostatic voltmeter, and a current of from 10 to 25 
milliamperes. At first great difficulty was experienced in holding the discharge 
steady but this was remedied by installing a stabilizing tube. Between the 
cathode, which is grounded, and one side of the transformers is inserted a 
resistance which may be adjusted, in 10,000 ohm steps, from 0 to 100,000 
ohms. The negative end of this resistance is connected to the grid of a UX 
852 vacuum tube and the positive end to the filament. The negative voltage 
on the grid is therefore proportional to the current through the discharge 
tube. The plate is connected to the discharge tube anode. The resistances and 
tube are immersed in transformer oil. Without the stabilizer and with the gas 
supply constant, the current and voltage may be steady for half an hour and 
then gradually the current decreases, the voltage increases and the gas “cleans 
up.” Finally the discharge becomes intermittent. When watching the volt- 
meter very carefully it is possible to prevent this by dropping the voltage 
slightly at the proper time. If care is not taken however the reverse process 
will then occur. With the stabilizer, when the current through the discharge 
tube begins to drop the grid voltage of the stabilizer also drops, permitting 
current to flow in the plate circuit in parallel with the discharge tube. This 
lowers the voltage across the latter and prevents further change. The discharge 
runs steadily for an indefinite period with this arrangement. Ballast tubes are 
used in the primary circuit of the transformers supplying the discharge tube. 
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The first tests of the apparatus were made with air, the latter being 
admitted from the room through a leak consisting of a copper wire sealed in 
Pyrex. The magnitude of the leak depended on the size of the wire and could 
be further regulated by sending a current through a few turns of resistance 
wire around the seal, the thermal expansion of the copper wire finally closing 
the leak. It was found at once that there were a great many more peaks than 
could be accounted for by the composition of air and to simplify the mass 
spectrum it was decided to use pure oxygen. At first mercuric oxide and later 
lead peroxide were placed in a side tube and heated with a furnace. The pres- 
sure in the discharge tube could be very precisely controlled by regulating the 
heating current in this furnace. With the apparatus set to transmit ions pass- 
ing the condensers in three cycles (7 =3) ,there appeared, in addition to the 
expected peak at Y, “ghost” peaks, also due to the oxygen molecule, and 
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Figs. 2 and 3. Mass spectrometer readings for oxygen. In addition to the expected peak at 
X “ghost” peaks appeared at I, II, II], and IV. By moving the condenser pairs over their range 
of adjustment the position of these ghost peaks varied continuously from that shown in Fig. 2 
to that of Fig. 3. 


marked I, II, III, IV in Figs. 2 and 3. By moving the condenser pairs over 
their range of adjustment the position of these ghost peaks varied continu- 
ously from that shown in Fig. 2 to that of Fig. 3. For n=1 no “ghost” peaks 
were found and for »=5 they were worse. The width of X is about that to be 
expected for electric analysis for the adjustments used. As previously com- 
puted, this width is inversely proportional to m. The presence of the extra 
peaks practically destroys the value of the present apparatus for heavy posi- 
tives as it prevents the use of the high values of m which give the high resolv- 
ing power. One way to eliminate these was found. A rough filter, operating 
on a separate oscillator, was installed between slits S; and S; (Fig. 1).When 
used at » =1 this filter transmitted a broad peak and the frequency could be 
so adjusted that this coincided with any of the peaks shown in Figs. 2 and 3. 
This surpressed the other peaks and gave almost no loss in intensity in the 
velocity transmitted but broadened the base of the peak. This broadening 
could probably have been eliminated by inserting a collimating section be- 
tween the two filters. 
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The origin of the “ghosts” has been investigated by a reconsideration of 
the theory which indicates that they are due mainly to the fact that, to sim- 
plify the mechanical construction, we made f(x) equal to f(—x). The effect of 
this was not considered in the original theory but it is not difficult to show that 
it permits a large additional number of velocities to satisfy the condition for 
no deflection. If any of these velocities also satisfy the condition for no dis- 
placement over any appreciable phase range they will produce “ghosts”. The 
latter condition can not be computed without actually knowing the Fourier 
coefficients. 

A new instrument has been designed, in which it is believed the ghosts 
will be eliminated completely. Another feature will be the use of butyl phthal- 
ate in the diffusion pumps. In the present apparatus, in spite of great care 
taken to keep liquid air on the traps when evacuated, mercury vapor from 
the diffusion pumps has contaminated the interior badly, and cannot be re- 
moved from the brass and solder of which the apparatus is constructed. 

Some of the advantages of this type of mass spectrometer should be noted. 
The first is the reproducibility of the results. When the oscillator is switched 
on the peaks are always found at the same value of the deflecting voltage. 
Another is the ease with which ions of large mass can be compared directly 
with those of small mass without introducing cumulative errors. For example, 
if the 60 meter harmonic brings an ion of mass 72 at a certain deflecting field 
then switching to the 40 meter harmonic will bring mass 32 to exactly the 
same deflecting field. Since the frequencies of the harmonics of an electric 
circuit are exact multiples of the fundamental to an extremely high order of 
precision, this permits the comparison of masses 32 and 72 with the same de- 
flecting field and hence eliminates errors due to potentiometer defects, 
thermal e.m.f.’s, contact potentials, etc. Another feature is the variable re- 
solving power. By using a weak oscillating field broad and intense peaks are 
obtained which may be easily located by taking comparatively few points. 
The peaks may then be narrowed down by increasing the field and studied 
more accurately. 

Some work done last August on the isotope of oxygen of mass eighteen 
might be mentioned here. We compared the intensity of the peaks at 32 and 
34. We found that Hg*t was invariably present, even when we were pre- 
paring our oxygen by decomposing PbO, and passing it through liquid air 
and when a visual examination of the optical spectrum showed no mercury 
lines. The largest value of the ratio of the peaks, corrected for all known 
errors, was about 300. In this case we know from the intensity distribution 
between 32 and 34 that Hg*+ was still present. We may therefore conclude 
that the ratio of O" to O'8 is greater than 600. It will be easy to determine the 
ratio with some precision when we get an apparatus free of mercury. 

We are in debt to many people for advice and assistance in constructing 
this apparatus. In particular we wish to thank Dr. John Pearson for his as- 
sistance with the crystal oscillator and Messrs. Pearson, Breslar, and Merkel 
of the instrument shop for their helpful suggestions and skillful workman- 
ship. 
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The Deviation of Anode Currents in Diodes 
from the Three-Halves Power Law 


By A. GEHRTS 


ZENTRALLABORATORIUM DES WERNERWERKES DER SIEMENS UND HALskKE A, G. 
BERLIN-SIEMENSSTADT 


(Received February 4, 1932) 


The calculation of the electron currents in a diode with guard rings (tube No. 2 
of Kato) shows that the deviation of the anode current J, at low anode voltages 
(filament temperature T and anode voltage V being varied) from the three-halves 
power law observed by Kato and assumed by him to be due to the initial velocities of 
electrons (“effective initial velocities”) is caused by the corrections of the three-halves 
power law for cylinders consisting of (a) the barrier correction, (b) the enlargement 
correction, (c) the correction due to the initial velocities of electrons, (d) the correction 
due to the contact potential. Taking into account these corrections discussed by 
Schottky in 1914 we get the space-charge equation for cylinders (equipotential 
cathodes at uniform temperature along its surface being supposed) 


Tq = 14.65- 1078+ 1(ra82)-!} V — Vi, + 1 Vo(In V’/AV 0)? + «} 82 amperes 


where / is length of filament, r. radius of anode, 8? the well known constant tabulated 
by Langmuir and Blodgett, V,, barrier potential, Vo average initial energy of elec- 
trons in radial direction, x contact potential, \=1, 5. The values of the minimum I ,, 
in the potential between filament and anode when calculated according to the equa- 
tion for parallel planes: — V,, = (711600) In (J, /J,) volts (where J, saturation emission 
current) are too small; the real values are obtained by the Schottky relation for cyl- 
inders. We can compute 8? (enlargement correction) from the observed currents by 
combining the Schottky equation: J, = J,e~"0' ¢(@an)'2 (where n=eV, kT the reduced 
retarding potential between filament and barrier, @ the ratio ro/7» i.e. radius of fila- 
ment /radius of barrier cylinder, a=(1—6)~! and ¢(x) the error function) with the 
corrected space charge equation. These calculations make it probable that the correc- 
tion member which takes into account the influence of the initial velocities of elec- 
trons on the anode currents: }Vo(In (V’/AV»))?, as estimated by Langmuir, is too 
large. It is suggested to replace this member by adding merely the value Vy to the 
effective anode voltage. 


[< A paper on “The Effect of Initial Velocity of Electrons upon the Anode 
Current of a Vacuum Tube” N. Kato! has investigated the deviation of 
anode currents of diodes from the Langmuir-Schottky three-halves power 
law. He eliminates the cooling effect of filament leads by guard rings, the 
effect of ionization by a proper evacuation and the effect of voltage drop 
along the filament due to the heating current by choosing as effective voltage 
V, the sum of the anode voltage V measured against the positive end of the 
filament and one-half the filament voltage. Kato is of the opinion that “the 
above mentioned precautions excluded in the experiments all the causes for 
the deviation of anode currents from the three-halves power law except that 
due to the initial velocity of electrons. This was experimentally verified by 


1 N. Kato, Phys, Rev. 31, 858 (1929). 
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the fact that the anode-current, anode-voltage relation faithfully obeys the 
three-halves power law under high anode voltage. The observed deviation 
under lower anode voltage may therefore be attributed to the initial veloc- 
ity of electrons.” The effective initial velocity as measured by him is about 
0.5 volt at 2250°K, while it reaches about 4 volts at 3000°K, the value rapidly 
increasing with temperature. Kato noticed the phenomenon in the course of 
an experiment about the ionization of residual gas in vacuum tubes and has 
made no attempt to make a theoretical investigation. We shall see that the 
effective initial velocity observed by Kato results from some well-known cor- 
rections of the three-halves power law for cylinders. 

Schottky? has pointed out that the usual three-halves power law as given 
by the equation: J,=G-V,'" (J, anode current, G=14, 65-10-®-1(r,6?) 
amperes : (volts)~*”, 7, length of the cathode, r, radius of the anode, 6? the 
Langmuir-constant tabulated by Langmuir and Blodgett)*® is only an ap- 
proximation and an exact analysis of the shape of the anode-current, anode- 
voltage relation must consider the following corrections: 

(a) Correction due to the potential barrier (“Schwellenkorrektion”) be- 
tween filament and anode, applied by measuring the effective anode voltage 
against the minimum potential V,,. For parallel planes the minimum po- 
tential is given by equation: — V,,=(7'/11600) In (J,/J.) volts, where J, 
saturation emission current and 7 temperature of filament. 

(b) Enlargement-correction (“Verbreiterungskorrektion”) i.e., correction 
due to an increase of the radius 7,, of the cylinder which is the locus of the 
minimum in the potential, with increasing temperature i.e. increasing satura- 
tion emission current and decreasing anode current. On calculating 6? we 
must replace 7» (radius of filament) by 7,,. Only when the minimum potential 
lies quite close to the filament, we may fail to distinguish between 7,, and ro 
in calculating 6°. 

(c) Correction due to the initial velocities of the electrons. As Langmuir* 
has shown, this effect may be approximately taken into account by adding 
to the effective anode voltage the value 1/4V» (In(V’/AVo))?, where V’ is 
the effective anode potential, \ is a numerical factor that may be estimated to 
have the value 1.5 and V> is the voltage corresponding to the average initial 
energy of the electrons in a radial direction, given by: Vo=(3/2) -(7Tk/l) 
= T/7733 volts. 

(d) Correction due to the contact potential x between anode and cathode. 

Thus we get the corrected* space charge equation for cylindrical diodes 
with an equipotential cathode of uniform temperature along its surface: 


T, = 14, 65-10-(r,82)-"} V — Vm + 3Vo(In (V’/AVo))? + x} 3/2 amperes (1) 
By combining this equation with the equation for the minimum potential: 
— Vm = (T/11600)-In (J,/Iq) volts) (2) 


2 W. Schottky, Phys. Zeits. 15, 624 (1929). 

§ T, Langmuir and K. B. Blodgett, Phys. Rev. 22, 347 (1923). 

*]. Langmuir, Phys. Rev. 21, 419 (1923) see especially p. 430. If we put «=0, the above 
Eq. (1) is identical with Eq. (28) in the Langmuir paper. 
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TABLE I. Anode currents of Kato-tube No. 2, filament temperature 
and anode voltage being var 


eee et et 


eee et 


ee et 


cocoor}r- 


esesesseso coocoeooco cooccoeco ceocecsccoso 


—V,, 
(volts) 


80 
ye 
73 
.70 
.66 
.64 
.61 


oo 
55 
51 
48 
45 
43 
40 


A. GEHRTS 


T 7a(In( Vy’ d VY»)? “i (calculated) ra (observed) 7 





(volts) ma. 
T =3000°K 
0.67 0.343 
0.73 0.404 
0.78 0.465 
0.83 0.538 
0.88 0.609 
0.93 0.684 
0.98 0.760 
T =2900°K 
0.65 0.330 
0.70 0.390 
0.76 0.452 
0.81 0.522 
0.86 0.594 
0.90 0.666 
0.95 0.745 
T=2770°K 
0.62 0.310 
0.68 0.370 
0.73 0.433 
0.78 0.500 
0.83 0.572 
0.88 0.644 
0.92 0.720 
T=2070°K 
0.60 0.300 
0.66 0.358 
0.72 0.420 
0.77 0.488 
0.81 0.555 
0.86 0.628 
0.90 0.701 
T=2585°K 
0.59 0.290 
0.64 0.344 
0.70 0.405 
0.75 0.473 
0.80 0.543 
0.84 0.614 
0.88 0.686 
T =2540°K 
0.58 0.280 
0.63 0.337 
0.69 0.399 
0.74 0.464 
0.79 0.534 
0.83 0.605 
0.87 0.678 
T=2400°K 
0.55 0.264 
0.61 0.319 
0.66 0.381 
0.71 0.442 
0.76 0.509 
0.80 0.580 
0.84 0.654 
T =2350°K 
0.54 0.258 
0.60 0.313 
0.65 0.373 
0.70 0.435 
0.75 0.503 
0.79 0.574 
0.83 0.646 


ied. 








m.a. A 

0.440 0.097 
0.499 0.095 
0.560 0.095 
0.628 0.090 
0.699 0.090 
0.772 0.088 
0.850 0.090 
0.386 0.056 
0.447 0.057 
0.512 0.060 
0.581 0.059 
0.650 0.056 
0.725 0.069 
0.805 0.060 
0.356 0.046 
0.416 0.046 
0.478 0.045 
0.545 0.045 
0.613 0.041 
0.685 0.041 
0.760 0.040 
0.330 0.030 
0.390 0.032 
0.452 0.032 
0.520 0.032 
0.585 0.030 
0.660 0.032 
0.730 0.029 
0.312 0.022 
0.368 0.024 
0.429 0.024 
0.490 0.017 
0.560 0.017 
0.630 0.016 
0.700 0.014 
0.287 0.007 
0.341 0.004 
0.401 0.002 
0.464 0.000 
0.534 0.000 
0.605 0.000 
0.678 0.000 
0.268 0.004 
0.322 0.003 
0.382 0.001 
0.442 0.000 
0.509 0.000 
0.580 0.000 
0.654 0.000 
0.252 —0.006 
0.304 —0.009 
0.362 —0.011 
0.417 —0.018 
0.480 —0.023 
0.548 —0.026 
0.616 —0.030 
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we calculate the anode currents of the Kato-tube No. 2 (J=0.5 cm; r,=0.5 
cm; %=90.0085 cm, 6?=1.0913 corresponding to the ratio r,/ro=58.8; 
x =0.2 volt since the anode material of the Kato-tube was probably nickel or 
molybdenum.$ In this way (assuming 8? = const. i.e., 7,, nearly equal to ro and 
calculating V,, according to the relation for plane electrodes), suggested by 
Langmuir,’ we find out the data of Table I. 

The values J, (observed) in Table I are taken from Fig. 1 in the paper of 
Kato, reproduced on a larger scale; the saturation emission currents J, are 
taken from the data of H. A. Jones and I. Langmuir.* The agreement be- 
tween the currents 7, calculated and J, observed is satisfactory at T= 2540°K 
and 7 =2400°K, but not at 7 =2350°K (calculated values too large) and at 
T =3000°, 2900°, 2770° and 2670°K (calculated values too small). These 
differences are easily explained by the approximations made in the above 
calculation. 

Eq. (2) for the minimum potential V,, is rigorously valid for parallel 
planes. In a more exact calculation Eq. (2) is to be replaced by the Schottky- 
expression’ for cylindrical electrodes. Furthermore we have supposed: 
=constant. In the exact calculation we must consider the variation of B? 
with that of 7, or V,. Now we may use the data observed by Kato (J, ob- 
served) to calculate this variation of 8 or to calculate the radius 7,,. The way 
suggested by Langmuir and Compton’ is as follows: 

“The radius 7, of the cylinder which is the locus of the minimum in the 
potential near the emitter, can be estimated by considering this surface to be 
a “virtual” emitter. ... Between the emitter (r=7,) and the virtual emitter 
(r=r,,) the electrons are in a retarding field, the effective current being 
2i,—7, where 7, is the saturation emission current, so that in applying the 
space charge equation we use values of 8 corresponding to the case of the 
internal collector. Beyond r=r,, however, the electrons are in an accelerat- 
ing field and the case for the external collector is applicable.” 

But we doubt whether the conditions for applying the space charge equa- 
tion corresponding to the case of the internal collector are fulfilled in the 
space between the emitter and the virtual emitter. Not all the electrons re- 
turning to the filament turn back exactly on the surface of the virtual emitter 
and some of the returning electrons hit the filament only after having de- 
scribed orbits around the filament. Thus we prefer another method to cal- 
culate 8? or r,. Since the electrons flow in a retarding field and there is no 
minimum in the potential in the space between the emitter and the virtual 
emitter, it is evident that the relation derived by Schottky’ for anode cur- 
rents with retarding anode voltages is valid: 


Im = I,,e~"-0--(@an)!/? + 1 — o(an)'!?} (3) 


5 H. Késters, Zeits. f. Physik 66, 807 (1930). Since the contact potential W-Ni or W-Mo 
accelerates the electrons from the cathode, we have given the positive sign to x in the above 
relation. 

® H. A. Jones and I. Langmuir, Gen. Elec. Rev. 30, 310, 354 ,408 (1927). 

7 W. Schottky, Ann. d. Physik 44, 1011 (1914); Phys. Zeits. 15, 624 (1914), Eq. (2). 

8 I. Langmuir and K. T. Compton, Rev. Mod. Phys. 3, 191 (1931); see especially p. 253. 
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where 7,, is the current in the potential minimum, @ the ratio ro/rn, a=(1 
—@)-' and n=V-e/k7 the reduced retarding potential (k Boltzmann con- 
stant, e electron charge). ¢(x) is the well-known error function. When 
(n)?>2,2and6@<1/4, Eq. (3) is reduced to (error <0.1 percent) Eq. (4): 


Im = [,:e-"-0- -(@an)'*. (4) 


Surely Eq. (4) holds for the Kato-tube No. 2 at temperatures 7 =3000°K, 
7 =2900°K and 7 =2770°K. All the electrons reaching the potential barrier 
pass to the anode and therefore J, =7,. Now we get 8? as a function of anode 
current (filament temperature and anode voltage being varied) by combin- 
ing Eq. (4) with Eq. (1): 

From the values of — V,, in the second row of Table I and in the third 
row of Table II, we see that in cylindrical diodes the Eq. (2) gives too small 


TABLE IT. 8? as function of anode current (filament temperature and anode voltage being 
varied) in Kato-tube No. 2 at T=3000°K, T=2900°K and T=2700°K. 
V I, (observed) —Vn 1Vo(In(V’/AV»))? 
(volts) m.a. (volts) (volts) Vol Pus 8 

















T =3000°K 


6 0.440 2.03 0.68 7.0 0.8870 
7 0.499 1.995 0.74 7.85 0.9201 
8 0.560 1.96 . 0.79 8.75 0.9479 
9 0.628 1.925 0.85 9.5 0.9673 
10 0.699 1.895 0.89 10.2 0.9812 
11 0.772 1.87 0.94 11.0 0.9951 
T=2900°K 
6 0.386 1.82 0.65 9.6 0.9689 
7 0.447 1.775 0.71 10.6 0.9886 
8 0.512 1.74 0.76 11.4 1.0015 
9 0.581 1.70 0.81 11.9 1.0104 
10 0.650 1.67 0.86 13.0 1.0237 
11 0.725 1.63 0.91 13.6 1.0292 
T=2770°K 
6 0.356 1.50 0.63 10.7 0.9894 
7 0.416 1.465 0.69 11.8 1.0085 
8 0.478 1.42 0.74 12.9 1.0220 
9 0.545 1.39 0.80 14.3 1.0374 
10 0.613 1.36 0.84 15.0 1 


.0436 








potential minimum values and is to be replaced by the exact relation. Fur- 
thermore it follows from the last row of Table II that we cannot neglect the 
variation of 6? with that of 7,, or V,,. These two facts explain the differences 
between J, (observed) and J, (calculated) in Table I at T=3000°K, T =2900° 
K, T7=2770°K and 7=2670°K (calculated values too small), but not the 
differences at 7 = 2350°K (calculated values too large). As to these last differ- 
ences we may consider that the Langmuir-term representing the correction 
due to the initial velocities of electrons is only an approximation as Langmuir 
states: “The effect of initial velocities may approximately be taken into ac- 
count by considering that the space charge at every point is reduced in the 
ratio { V/(V+V>) }*2....” “Substituting this corrected space charge in the 
differential equation and considering that the correction is small, we are 
enabled to obtain an approximate equation for the effect of initial velocities 
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on the current between concentric cylinders.” These computations led 
Langmuir to the correction member } Vo(In(V’/AVo))?. It is clearly seen from 
a series development of {V/(V+V>)}' that the above mentioned con- 
dition: “that the space charge is reduced in the ratio [V/(V+ V») ]/? is also 
satisfied with a sufficient approximation (error <4 percent for 7 <3000°K 
and V <4 volts) by adding to the effective anode voltage merely the expres- 
sion Vo, which is more appropriate to lower anode voltages, since it does not 
vanish on diminishing the anode voltage. Thus we get the space charge 
equation for cylindrical diodes with equipotential cathodes at uniform tem- 
perature along its surface in the form: 


1, = 14.65-10-*-1(r.82) | V — Vin + Vo + «}*/? amperes. (5) 


By combining this Eq. (5) with Eq. (2)—assumed 6? =constant—we obtain 
the following differences A between J, (observed) and J, (calculated) with the 
Kato-tube No. 2 at the temperature 7 =2350°K. As compared with the cor- 


V (volts) 6 7 8 9 10 11 12 


I, (observed) (m.a.) 0.252 0.304 0.362 0.417 0.480 0.548 0.616 
I, (calculated) (m.a.) 0.245 0.298 0.352 0.411 0.474 0.543 0.609 
A 0.007 0.006 0.010 0.006 0.006 0.005 0.007 


responding data in Table I the signs of the differences have been changed and 
it is now possible to effectuate the corrections in V,, and 6? by computing 
these values from the Eq. (5) and Eq. (4) or (for values ®an>>1) from the 
equations: 


Ta 


II 


14.65: 10-*-1(r.8?)—1{ V — Vin + Vo + x} 3/2 
and 


(6) 
I, = Ie". 


Thus the deviations of the anode currents J, at low anode voltages V 
(filament temperature 7 and anode voltage being varied) from the three- 
halves power law for cylindrical diodes as observed by Kato and ascribed by 
him to the initial velocities of electrons (“effective initial velocities”) are 
fully understood. They must be deduced from the Schottky-corrections of the 
three-halves power law for cylinders i.e., (1) the barrier correction, (2) the en- 
largement correction, (3) the correction due to the initial velocities of elec- 
trons, (4) the correction due to the contact potential. There are discussed 
equations which enable us to calculate these corrections in an exact manner: 
The true values for the minimum in the potential between filament and anode 
are only obtained by the relation for cylinders, the influence of the initial 
velocities of electrons on the anode currents is to be taken into account by 
adding the value V» (average initial energy of electrons in radial direction) 
to the effective anode voltage. 
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Sound Velocity in Reactive Mixtures of Real Gases 


By Davin G. C. Luck 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 


(Received March 22, 1932) 


Einstein’s derivation of the dependence of sound velocity on frequency in a mix- 
ture of chemically reacting ideal gases of negligible absorption has been extended to 
mixtures of real absorbing gases. The results show that deviations of experiment from 
the earlier theory are probably due to departure of the gases from ideal properties. 
They also show that absorption is probably strong enough to render reaction rate 
determination by velocity measurements impossible, but that direct absorption meas- 
urements may be of some use. It is shown that extraneous phenomena may hide those 
considered. 


ERNST and Keutel! suggested, in 1910, that the possibility of chemical 

reaction in a mixture of gases constitutes a mechanical “loading,” or 
additional energy capacity, of the mixture and must cause the velocity 
of sound in the mixture to be less for sound of frequencies low enough to 
permit continual maintenance of chemical equilibrium than for sound of much 
higher frequencies; they pointed out that this acoustic dispersion seemed to 
offer a means of determining monomolecular gaseous reaction rates. Einstein* 
derived an expression for the dependence of sound velocity on frequency in 
a mixture of two acoustically transparent ideal gases, one being the dissoci- 
ation product of the other. Considerable experimental work has been done on 
the nitrogen tetroxide-nitrogen dioxide mixture, notably by Griineisen and 
Goens’ in the audible region and by Kistiakowski and Richards' in the super- 
sonic region; it has as yet failed to show evidence of dispersion but has shown 
deviation from the simple Einstein theory in the dependence of sound velocity 
at low fre quencies on the temperature and pressure. 

The Einstein method has therefore been applied to a mixture of acousti- 
cally absorbing real gases, one of which is the dissociation product of the other. 
The equations of propagation of acoustic disturbances in an absorbing gas 
show that, for a plane sinusoidal wave: 


6 w? he ue 
bp adiah. lr 1 2 l Xr : 


( ) (1 ) (1 — 76)* 
r l lr il 


where w is 27 X (sound frequency, f), \ is wave-length, u is sound velocity and 
1 distance in which amplitude is reduced by a factor of e~'. The equation of 
state of the mixture, where a is the fraction of the molecules dissociated, is: 
1 F. Keutel, Inaug-Diss. Berl. (1910). 
2 A. Einstein, Sitz. ber. d. Berl. Akad., p. 380 (1920). 


3 E, Griineisen and E. Goens, Ann. d. Physik 72, 193 (1923). 
‘ G. B. Kistiakowsky and W. T. Richards, Jour. Am. Chem. Soc. 52, 4661 (1930). 
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p = f(p, T, a) (2) 
which for small acoustic disturbances gives 


bp ap ap 6T dp ba 


a ke = (3) 
dp Op OT Sp Oa dp 
The first law of thermodynamics for the adiabatic acoustic process may be 
written: 
67 ba = Mp 
C—+D—=— (4) 


” 


dp dp p° 
where 
C = (1 — a@)C; + ale 
is the total heat capacity per mole of the mixture at constant volume, D the 
heat of dissociation at constant volume and ./ the mass of one mole of the 
heavier constituent of the mixture. Finally, the conservation of mass in the 


reaction requires that 
. p : p> 1M da , 
K\(1 — a)— — Keta?— |— = — (5) 
M M?J p dt 


where K;, is the average frequency of dissociation of a molecule of the heavier 
gas, the required monomolecular reaction rate, and Kg is the frequency of 
association of a pair of molecules of the lighter constituent. From variation 
of Eq. (5), remembering that the acoustic disturbances are small and sinu- 
soidal and that for equilibrium 

kK, p ta? 


‘ = K = — —_ 
Ke Mi-a 





(6) 


(the concentration form of the mass action law) is true, 


1 OK 1 1 0A OT 2-a w \da 
af LM ALMA ne, eye Gg 
K dp p K OT dp a K,/ dp 


may be obtained. Combining Eqs. (3), (4), and (7), we find 











ap 
6p ap Mp ar 
bp ap| pC ap 
ap 
- (ap ap . 
laa D arl/Mp a a 1 
(i-ai---—— (- - —— log K + — log K — -) 
ap C ap |\pxC a7 dp P 
\op ap 
. + - 85 57S 4 + te } 
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which may be combined with Eq. (1) and re-arranged to give 


No 1+ iy*x 


(1— i)? I+ ix 


where x = (27/b) (f/Ki), y=u,,/Uo, Uo =(OP/Op)(1+ a/b), u,, = (Op/dp)(1+4q) 
(u9=velocity of very low frequency sound, u,,=velocity of very high fre- 
quency sound.) Here 





(9) 














Op op 
mn pC] da D\/a 1 
a=—-+(1- a) — tog K +(1- a —_ -— (= tox x-~) 
a Op pM op C \\dp p 
oT aT 
pe tn ig: eaten tt 9 
ie a ' . C éT ™” (9a) 
op 
aT Mp 
eS ee ae 
Op pC 
Op 
Solving Eq. (9) for the quantities on the left hand side gives: 
1 X (1 + y*x? 21/2 1 y?x?* 
ed eel a ene (I) 
2r | (y* — 1)*z* (y? — 1)x 
for absorption and 
u 1+ 6? /1 + y?2x*\!? 
Ld ( -) (I) 
No ~ — ¢ 2) 1/2\ 1+ x 
for velocity, as functions of “relative frequency”, x. 
Letting the equation of state become 
R 
p = fle, T, a) = r- pT(1 + a) (2a) 


and the absorption, 0, become negligible, we get 


( _2-4@  1-a/,D ‘) 





a +a RT q 


b it ee D? ob) 
a l+a RT?! ( 








(+a) 
% ig oC 
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and 


u 1 + y*x? 1/2 
a (==) (II.a) 
Mo 1+ x 


which is a complete reduction to the results of Einstein. 

It is immediately apparent that the departure of a reacting gas mixture 
from ideal properties cannot change the type of sound velocity dependence 
upon frequency in the mixture, but can affect numerical values, and so can 
probably explain the discrepancies between experiment and the earlier theory. 
Unfortunately, this point cannot be tested, as the differential coefficients 
(Op/Op)a.7, (Op/OT)a,, and (0p/da),,r are not at present accessible to experi- 
mental measurement, since, because of the rapid establishment of equilib- 
rium, it is not now possible to secure independent control of density, tempera- 
ture, and composition of a gaseous mixture. 








anit 
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Fig. 1. Frequency dependence of velocity and absorption of 
sound in a mixture of two reacting gases. 


Fig. 1 shows graphs of Eqs. (1), (II) and (Ila) (dotted) for y =1.25. It 
may be seen that the effect of absorption on velocity is slight (it is very 
much exaggerated in the figure by the large value of y chosen; y calculated 
from Eqs. (9b) for nitrogen tetroxide and nitrogen dioxide is about 1.05), in 
fact, for actual gases it is quite negligible. However, the practical effect of this 
absorption on the precise measurement of sound velocity in the dispersive 
frequency region is to render such measurement impossible. Precise velocity 
measurements in the dispersive region are essential for reaction rate de- 
termination since very small velocity differences are involved, but the ab- 
sorption maximum should be sufficient in actual gases to reduce sound in- 
tensity to less than two percent of its initial value in fourteen wave-lengths, 
making the usual interferometric velocity measurements both very difficult 
and very inaccurate. 

On the other hand, it may be seen from the graph that absorption meas- 
urements offer a promising means of determining the reaction rate. The curve 
of absorption against relative frequency shows a reasonably sharp maximum 
of height (y—1)/(y+1) at a relative frequency 1/y (when the sound fre- 
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quency, f, is of the same order of magnitude as the dissociation frequency, 
K,, of the heavier molecules). At this absorption maximum 
2r 1+ 0 
A, = vena’ L (10) 
61-0 
so that a measurement of the frequency at this point and a rough measure- 
ment of the height of the maximum should yield a good value for K,, since 
the scale constant b may be computed even for real gases.° 
This work has been based entirely on the assumption that no other fre- 
quency dependent loading occurs beside that due to the chemical reaction. 
But Pierce’ has found evidence of acoustic dispersion in air and carbon 
dioxide, and Herzfeld and Rice’ have attributed this to a time lag in energy 
transfer from translational to internal molecular degrees of freedom. This 
phenomenon is presumably also present in nitrogen tetroxide and nitrogen 
dioxide and may well render completely invalid any conclusions regarding 
dissociation rate of the former derived from acoustic data. 


§ Noting that the absorption maximum lies almost at the center of the dispersive region 
and that #1, Eq. (10) may be transformed into the directly measurable form 


® G. W. Pierce, Proc. Am. Acad. Sci. 60, 271 (1925). 
7K. F. Herzfeld and F. O. Rice, Phys. Rev. 31, 691 (1928). 
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The theory of a symmetric rotator which in addition to the usual three degrees of 
rotational freedom has about the axis of symmetry also a degree of torsional freedom 
between two of its principal parts, is treated quantum mechanically. The potential 
energy is taken to be expressible in the form: V =L(1—cos m#’) where L is propor- 
tional to the restoring torque, ¢’ is the angle of displacement, and m the number of 
minima of the potential energy curve as ¢’ increases from zero to 27. The Schrédinger 
equation is found to be separable into two differential equations, one being the quan- 
tum mechanical equation for an ordinary symmetric rotator, and the other being of 
the form of Mathieu's equation: d?M,dx*+(a+16g cos 2x) M=0 in which a is pro- 
portional to the energy parameter of the oscillator, g proportional to the restoring 
torque, and x to ¢’. It is found that the solutions to this equation must satisfy the 
condition: M(x —mz) =(exp—22iKA,'/A-) M(x) where K is the quantum number of 
angular momentum about the axis of symmetry, A,’ and A, the moments of inertia 
of the lower part of the top and of the whole of the top respectively about the axis of 
symmetry. This ordinarily demands a general non-periodic solution to Mathieu's equa- 
tion which, however, degenerates like the ordinary Mathieu functions to an exponen- 
tial function asg—0. A qualitative discussion is given about the manner in which the 
energy states in the limiting case where g=0 go over into the other limiting case 
where g= ~, and the calculation of the intensities and the selection rules for the rota- 
tor are finally determined where g=0 and where g= ~. These it is believed will also 
be valid at least in first approximation in the neighborhoods of these limiting cases 
where g no longer is quite zero and not quite equal to infinity. 


HE problem of the symmetric rotator has been subjected to detailed 
quantum mechanical treatment by several writers' and expressions de- 
rived for the energies of various quantum states as well as the probabilities 
of transition from one state to another. An interesting modification of this 
is one where in addition to the three degrees of rotational freedom there exists 
also a degree of torsional freedom between two principal parts of the rotator 
about the axis of symmetry. This seems of interest especially since certain 
molecules, the simplest of which probably are ethylene (C.H,) and ethane 
(CsH¢), are thought to behave in this manner. 
The motion of the top is best described by the aid of the Eulerean angles 
6, @ and W where @ denotes the angle between the space fixed axis z and the 
axis of symmetry 2’ of the top, @ and y are respectively the angles between 
the line of nodes and the x’ axis and the x axis. In this case where the upper 
part of the top may twist with respect to the lower part, two angles, @, and 
¢2 are required, denoting respectively the angles between the line of nodes 
and the x’’ axis fixed in the lower part of the top and the x”’ ’ axis fixed in the 


1D. M. Dennison, Phys. Rev. 28, 318 (1926); F. Reiche and H. Rademacher, Zeits. f. 
Physik 39, 444 (1926); F. Reiche and H. Rademacher, Zeits. f. Physik 41, 453 (1927); R. de L. 
Kronig and J. J. Rabi, Phys. Rev. 29, 262 (1927); C. Mannebeck, Phys. Zeits. 28, 262 (1927). 


445 








446 HARALD H. NIELSEN 


upper part of the top. For convenience of calculation the following change of 
variable is made: 


o= i, gf =O 1 (1) 
where A,’ and A,"’ are the moments of inertia of the lower and upper parts 
of the top about the axis of symmetry. Taking A; as the moment of inertia 
about the x’ axis and letting A. =A.’+A."’ one may write the kinetic energy: 
2T = A,(6 + ¥* sin? 6) + 1,(6? + ¥ cos? 6 + 2We cos 6) + (A/AL”/ ADO". (2) 


Unlike the symmetric rotator, the potential energy will not here be equal 
to zero, but may be expected to have approximately the form: 


V = L(1 — cos m¢’) 


where L is proportional to the restoring torque and m denotes the number 
of minima of the potential energy curve as ¢’ increases from zero to 27. 








Fig. 1. 


The Schrédinger equation, when obtained from the kinetic energy func- 
tion by methods which are well known? and which are tantamount to using 
the Laplacian in generalized coordinates, becomes: 


a°U/ae? + cot 00U/d0 + (A,/A. + cot? 0)02U/d¢g? 
— (2 cot 6/sin? 0)a2U /apay + (1/sin? 0)02U /ay? (3) 
+ (A,A,/A,'A,")0°U/dg"? + (892A ,/h?)(E + L cos md’) U = 0. 
As in the problem of the symmetric rotator, @ and y occur only as ignor- 
able coordinates and if we put: 
U = O(0)e*N¥+Ke) M(mo'/2) (4) 


where 0(@) and /(m@’/2) are functions of 6 and ¢’ alone and where because 
of the single valuedness of U, N and K must be integers or zero, it is found 


2 E. Schrédinger, Ann. d. Physik 79, 748 (1926). 
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that (3) consists of two parts, one depending only on 6 and another depending 
only on ¢’. As is well known this condition can exist only when each part is 
a constant, say 87°A,W,/h*®. Equation (3) may now be separated into two 
differential equations, one a function only of 6 and the other a function of ¢’ 
only. These two differential equations are: 


d*0)/ dé? + cot ddO/ dé — \(N — K cos@)?, sin? 90 + J(J + 1) — K*)0 = 0 (5) 
where: 
J(J +1) — K? = (89°A,/h®)(E — W,) — K°A,/A, 


= (847A ,W/h?) — K*A,/A, (6) 
and: 
d?M(x)/dx* + (a + 16¢ cos 2x) M(x) = 0 (7) 


where: 
x = mg’/2, a = 32n°A/A,"W1/Am7h, q = 29°A/A,"L/A mh. (8) 


Solutions of the differential equations. 


A. The solution to equation (5) is just that for an ordinary symmetrical 
rotator and has been carried out by Reiche and Rademacher, and Kronig 
and Rabi who by introducing the substitutions: 


s=|K+M\|,d=|K—M\,t= ()(1 — cos8), 0 = 1421 — 2°F, 
were able to write equation (5) in the form of the hypergeometric equation: 
(1 —*)F" + [y+ (a+8 + 1)t|F’ — aBF = 0 (9) 
where: 
y=1+4+d, a= (d+s)/2+J4+1, B=(d+s)/2—-J. 
The solution to (9) is the hypergeometric function: 
F = 1+ (aB/y)t + (a(a + 1)8(8 + 1)/24(y + D)P+--- 


which in order that the wave function: remain everywhere finite demands 


that a be equal to a negative integer,a = — p, (p=0, 1, 2, - - - ). To obtain the 
equation for the energies, one solves equation (6) which gives: 
W = (h?/8m*) [JJ + 1)/Az — K2(1/Az — 1/A)). (10) 


B. Equation (7) is Mathieu’s equation in the usual form. The common solu- 
tions are those which have a period of 27 in x and these are known as Mathi- 
eu’s functions, denoted by ce,(x, g) and se,(x, g). Condon*® has found that 
equation (7) is just that for the physical pendulum in the quantum mechanics 
and that in this case the required solutions were those where: 


M(x + 2) = M(x) 
and that these were the Mathieu functions of even order. Similarly in treating 


8’ E. U. Condon, Phys. Rev. 31, 891 (1928). 
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the problem of rotation in diatomic crystals, Pauling’ found the quantum 
mechanical equation to be of the form (7) where now the required solutions 
satisfy: 

M(x + 2m) = M(x) 
a condition which is fulfilled by the Mathieu functions of both even and odd 
order. 

There now remains to investigate which of the solutions .\/(x) are the re- 
quired ones in our cases. We have the condition to comply with, that the 
wave function must be single valued, i.e., when the original configuration of 
the system has been restored, the wave function must assume its initial 
value. This interests us only in so far as it concerns the variable ¢’, defined as 
the difference between @2 and ¢; which describe the positions of the lower and 
upper parts of the top relative to the line of nodes. We must inquire how the 
original configuration of the rotator may be restored by variation of the 
angles ¢, and ¢s. This may be accomplished by letting ¢: and ¢2 independently 
increase by an integral number (7 and o respectively) of times 27. The neces- 
sary and sufficient condition for single valuedness is, therefore, using equa- 
tion (1): 

U}0,0, 6 + Ie(rA.’ + oA,!’)/ Az, o’ — Ia(r - o)' = U(6,y, 4, ¢’) 


where by (4) this leads to the requirement: 
M [(m/2)(¢’ — 2x(r — c))| = en 2riK (rl +s!) /A2 Mf (mo’/2). 
Since A,'+A,’’ =A, and e?"4* =1 this becomes: 
M [(m/2)(o’ — 2e(r — @))] = em? PK) Aa" Ae MI (m’/2). (11) 


Now 7 and o were taken as integers, consequently their differences, tT —¢ 
must be integral, and since (11) must hold for all values of r—o@ we may with- 
out loss of generality set this difference equal to unity, in which case we may 
write: 

M[(m/2)(o' — 29)] = e72*'¥42"/4eM (mg'/2). (12) 


In general this demands general and non-periodic solutions to Mathieu's 
equation which in the limiting case where g=0 degenerate, as do the ordi- 
nary Mathieu functions, to exponential functions. When g=0 Mathieu's 
equation has solutions: 


s . 1/2 > 
M(x) = e''=,” (13) 
a condition which when inserted into (12) gives, after some simplification: 


Am(a)'? — KA//A, = s seer er -—2,-—1,0,1,2,---r,--:. 


4 Linus Pauling, Phys. Rev. 36, 430 (1930). 

5 Solutions to Mathieu's equation which must conform to conditions similar to (12) have 
long been known and been of importance to astronomers. Whittaker and Watson (Modern 
Analysis, p. 413) briefly treat solutions subject to the condition: F(z+27)=(exp 27) F(z) 
where 1 #0. The equations give to a first approximation the departure of an orbit from a 
periodic orbit, which is certainly unstable unless the exponents u occurring in pairs of opposite 
sign, are purely imaginary (Analytical Dynamics, E. T. Whittaker, 3rd ed., p. 397). 
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Hence the solutions to Mathieu’s equation required in our case become, when 
q=9, 


M(x) = e(2i] m) (s+KA,! Ag). (14) 


An interesting case arises where A.’ =A,"’ which occurs in such molecules 
as ethane where the upper and lower parts of the top are identical. When this 
is so the condition (11) becomes: 


M [(m/2)(¢’ — 2e(r — o))| = e7?*-©)* M(me’/2) (11’) 


which by inspection reveals that the required solutions are of two kinds, 


namely, such that: 
M(x + mr) = + M(x), (15) 


the plus sign being taken for K even, and the minus sign for K odd. 

To the knowledge of the writer, tables of such solutions to Mathieu's 
equation have never been computed, but in analogy to the ordinary Mathieu 
functions we may expect them to degenerate to sin mx and cos nx as g—0 
where because of (11’), 2 need no longer be an integer. Letting g=0 in (7) it 
is quickly seen that the solutions satisfying the conditions set forth in (11°) 
and (15) are the following: 

K even: 


>t2zri/m t4zri/m +6ri/m 
i, = » & ee ’ 


K odd: 


etri a et3ri = et bri a eo (14’) 


This suggests the necessity in many physical problems of finding solutions to 
Mathieu’s equation which are not the usual ones periodic in x by 7 and 27, 
but more general ones periodic in x by mz, where m is an integer greater than 
2. 

As has been pointed out by other writers, there are two limiting cases of 
Mathieu’s equation, namely; when g=0 where it is the quantum mechanical 
equation for a simple rotator; and secondly when x is small so that higher 
order terms in the expansion of the cosine may be neglected, where it becomes 
the wave equation for the harmonic oscillator. In the first instance the energy 
is given by the expression: 


Wi = (28 + 2KA,/A,)*0°A,/3297A A," (16) 
while in the second case the energy is of the form: 
Wy = G + 3) hv. (16’) 


With the aid of Goldstein’s tables*® for the ordinary Mathieu functions, Con- 
don has made a chart showing how for the physical pendulum (i.e., where 
m =1) the levels in one limiting case go over into the other limiting case. In 
the problem of rotation in diatemic crystals (i.e., where m=2), Pauling has 
pointed out that where x is small so that higher orders of x in the expansion 


6 S. Goldstein, Trans. Cambr. Phil. Soc. 23, 303 (1927). 
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of cos 2x in Eq. (7) may be neglected and one effectively has the harmonic 
oscillator to deal with, there is a two-fold degeneracy of the levels, i.e., each 
level is double, one component corresponding to vibration about the position 
of equilibrium #@=0, and the other to vibration about the position of equilib- 
rium @=7. When g=0, and one has free rotation, then as is well known there 
exists also a two-fold degeneracy of all the levels except the first one. Pauling, 
also using the tables of Goldstein, has traced how as gq becomes different 
from zero and this latter degeneracy is removed, the levels go over to the 
double degeneracy of the other limiting case. 

This we should like also to do here for cases where m>2, but are con- 
fronted by two difficulties. The first of these arises when we consider the 
general case where the two parts of the rotator are not alike, for as we have 
seen, general solutions to Mathieu’s equation are then required. If we con- 
sider the case where both parts of the rotator are identical, we are still con- 
fronted with the fact that tables of the functions which degenerate to (14’) 
as g—0 have never been computed for cases where m>2. While it is there- 
fore not at present possible to give charts which are quantitatively right for 
m>2, one may nevertheless, show qualitatively how this transition takes 
place from the one extreme where g=0 to the other extreme where g is in- 
finite. For simplicity we consider m=3, but the reasoning may equally well 
be made to embrace higher values of m. When m =3, functions (14’) become: 
K even: 


et2ri/3 pt4ri/3 ime . «ss 
1, « ,€ em, 


with the characteristic values: 
0, 4h2/Sw2A,, 16h2/8m2A,, 36h2/8m24,, «+ 
K odd: 


ae ee 
etzt! . ett et bri J mee ee 

with the characteristic values: 
h?/Sm2A,, 9h?/8w2A,, 25h2/8e2A,, --- 


If g#0, the corresponding functions are in the first place solutions of 
Eq. (7) in the range from zero to 37 with the boundary conditions (15). The 
equation, however, has coefficients periodic in the period 7, so the solutions 
must be solutions of Eq. (7) in the range zero to 7 with exponents 0, + 2717/3 
for K even, and +7i/3, wi for K odd. Since the equation is real, solutions 
with exponents +27i/3 are conjugate complex functions with the same real 
characteristic values; likewise the solutions with exponents + 77/3 have the 
same real characteristic value. The solutions with exponents zero and 77 are 
just the ordinary Mathieu functions of even and odd order, the characteristic 
values of which may be taken from Goldstein’s tables. These are indicated in 
Fig. 2 as solid lines. 

All of these functions, however, may be regarded as solutions of Eq. 
(7) in the interval from zero to 67 subject to the simple periodic boundary 
condition so that by the oscillation theorem for Sturm-Liouville systems with 














TORSION OSCILLATOR ROTATOR 451 


periodic boundary conditions,’ when the characteristic values are arranged in 
order, the lowest is single and its characteristic function has no zeros; the 
next term is double and its characteristic functions each have two zeros; the 
third term is also double and the characteristic functions each have four 
zeros, etc. It follows that the double characteristic values will fall into order 
according to the number of zeros of their characteristic functions so that the 
graphs of these can never cross one another. Neither can they cross the graphs 
of any of the ordinary Mathieu functions, and they must therefore lie as de- 

















Fig. 2. 


picted by the broken lines in Fig. 2, reducing to their limiting values for 
qg=0 and q=~<. 

This result may easily be verified in the simple case of potential energy 
functions such as are used by Kronig and Penny® and then applying directly 
their Eq. (6) which here would be written: 


P(sin z)/z + cos z = cos 2rk/6 
where k is an integer and P a parameter proportional in our problem to the 


7 E. L. Ince, Ordinary Differential Equations, p. 246. 
8 R. de L. Kronig and W. A. Penny, Proc. Roy. Soc. 130, 499 (1931). 
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restoring torque. Determining the roots of this equation for values of P be- 
tween zero and infinity, one arrives at exactly the same conclusions as in- 
dicated in Fig. 2. 

It is possible now also to write solutions to Eq. (7) for our problem where 
q is large, i.e., where x is small so that higher order terms in the expan- 
sion of cos 2x may be neglected, and where consequently this equation then 
becomes the quantum mechanical equation for a harmonic oscillator. We 
shall again for the sake of simplicity let »: =3 in which case the functions are 
nearly zero everywhere except close to ¢’ =0, ¢’ =27/3, and ¢’=47 3. Each 
level, as we have seen, shows a three-fold degeneracy for K even and K odd, 
and the characteristic functions may now to a good approximation be taken 
to be expressible by: 


¢’ ¢’ -- In/3 ¢’ — 4n/3 
v,.; = (3)! Sy, (<) + wrx ( te )+ wx (S— - ) (17) 
\ do Po Po 


where 1 is 0, 2 or 4 for K even, and 1, 3 or 5 for K odd, the X;’s are the 
Hermite orthogonal functions of the indicated arguments, ¢’ is equal to 
(hvo/2q)"?, w, w, - - - and w* are the five complex sixth roots of unity. It has 
been pointed out that the degeneracy can not entirely be removed, but while 
one of the components splits away, the other two components remain degen- 
erate throughout for all values of g. Where K is even, that component which 
splits away is characterized by n =0, while the other two components which 
remain degenerate have the characteristic functions with »=2 and n=4; 
when K is odd, that component which splits away is characterized by n =3, 
while the components which remain degenerate for all values of g have n=1 
and m=5. The index j represents the torsional, or as it may here appropri- 
ately be called, the vibrational quantum number. 
The complete wave function U may now be written: 


U = R21 — )?F(— p, Ltd ts + pil td, Dei Ko M(x) 


R being a normalizing factor so chosen that: 


f ceed = 1 (18) 


where dv is an element of volume in coordinate space which in the example 
we are considering is: 


dv = (g)'!*d0dvdodd’ = A AA,/A,"")'? sin 0d0dydodg' . 
Calculation of intensities 
The matrix elements of a coordinate gq; are: 


gi(k, 1) = favwa (19) 


where U; and U, are the characteristic functions belonging to states k and / 
respectively and where as in (18) dv is an element of volume in coordinate 
space. 
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Following Kronig and Rabi, considering charges fixed in the lower and the 
upper parts of the top with coordinates (x’’, y’’, 2’’) =(a:, 0, «1), and (x”’ ’, 
y’’ ',2'" ') =(a@, 0, ce), one obtains as coordinates in free space, where 8; and 
8, are substituted for A.’/A,and A,’’/A. respectively and where: 


o1 = > — Bid’, d2 = & + Bod’, Bi + Be = 1 

x; = c, sin @ sin y + a; cosy cos (@ + Bid’) — a; cos @siny sin (@ F Bid’) 
vi = — c;sin@ cosy + a;siny cos (@ F Bid’) — a; cosé cosy sin (@ F Bid’) 
s; = c, cos 6 + a; sin @ sin (@ F Bid’) 


+ 


where i = 1 takes the upper sign and 7 = 2 takes the lower sign. 

For the case where g =0 we proceed in the manner outlined by Kronig and 
Rabi, by putting these coordinates into (19) together with the characteristic 
functions appropriate for this extreme case and evaluating the resulting defi- 
nite integrals. We shall first consider those amplitudes for the component of 
the electric moment lying along the axis of symmetry 2’. It is apparent that 
Eqs. (19) integrated over the variable @ and y will have identically the same 
value as in the case of the ordinary symmetric rotator. Setting this part of 
the integral equal to C, noting that this component of the electric moment 
does not depend on §;, the integrals we shall have to evaluate will be of the 
kind: 


2r 2 
[| = cf J eiKoe-iK'oei(s/BitK Bio’ e—i(s’ BiEK' Bid’ dodo’ | 
0 0 


In order for this integral not to vanish K must be equal to K’, i.e., AK =0 
which it will be seen carries with it the requirement that s =s’ in order for the 
integration over $’ not to vanish also. We have thus the additional selection 
rule that As =0 which if we set 7 =(s/8;+K) where T is to be interpreted as 
the torsional quantum number may more advantageously be written: A7'=0. 
Carrying out the integrations, the amplitudes are found to be identically 
those obtained by Dennison in the case of the ordinary symmetric rotator.’ 

Turning now to consider the amplitudes where the component of the 
electric moment lying in the x’y’ plane is involved, it is clear that as before 
the integration of the expressions (19) over 6 and y must be exactly the same 
as for the ordinary symmetric rotator. Setting this part of the integral equal 
to C’, the integrations which we shall have to carry out will all be of the kind: 


Qe Qn 
I= cf f ei (OtBi0") giKoe—iK' opi (# /Bj+K )8;0" g—i( 4" |B: K")Bi0' dodgy’ . 
0 0 


In order that these integrals are not to vanish, we see that K’ must be equal to 
K +1, i.e., AK = +1, a condition which here just as before carries with it the 
requirement that s=s’. We have consequently the selection rule here also 
that As=0, which, however, if we again adopt the notation 7 =(s/8;+ K) 
may be expressed: AJ = +1. We have then to evaluate the iritegrals which 
lead here as before to identically the amplitudes of the ordinary symmetric 
rotator.! 
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As we have seen, each of the energy states except the first exhibits a two- 
fold degeneracy. If for simplicity we consider a model where the upper and 
lower parts of the rotator are identical and apply on it a slight perturbation, 
this degeneracy may be removed for those states which have as their char- 
acteristic functions the ordinary Mathieu functions, while for the other levels, 
the degeneracy persists, as we have seen, for all values of g. To each of the 
components of these levels whether they split apart or not may be ascribed 
a characteristic function, and it may readily be seen that the correct wave 
functions are cos 7¢’/2 and sin 7¢’/2, and when AJ = +1, that the probabil- 
ity of transition between two energy states, the one with an even character- 
istic function and the other with an odd characteristic function will be the 
same as that between two energy states where the characteristic functions 
are both even or both odd. When, however, AJ =0 the transitions must be 
between energy states both of which are characterized by even wave func- 


JKT 
333 


JKT 
322 


222 


302 





202 


Fig. 3. 


tions or both by odd wave functions (e.g., cos 7¢’/2— cos 7g’/2; sin T7¢’/2— 
sin 7@’/2). To illustrate what are some of the permitted transitions, a few 
energy values (J=2, J=3, 7 =2, T=3) have been computed, for a model 
where the upper and lower parts of the top are alike (i.e., A,’=A,’’) and 
where A, has been taken equal to 24,. In Figure 3 are shown the correspond- 
ing energy levels, and the transitions are indicated where AJ=0, +1, AK 
=+1,AT=+1. 

To determine the amplitudes and the transition rules at the other ex- 
tremity where gq is very large we are obliged as before to construct and evalu- 
ate a set of definite integrals like those indicated in (19) using the same co- 
ordinates as before, but now using the characteristic functions (17) which are 
the appropriate ones in this region. We consider first those amplitudes where 
the electric moment along the axis of symmetry is involved. As before we 
shall denote the integration over 6 and W by C, and bearing in mind that this 
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component of the electric moment is independent of @;, the integrals we must 
solve will be of the kind: 


. Qn 2r 
nid ‘ yd on tre , 
ly = f f ei'KeeiK'ow, WV, *dodg’, 
0 0 


which vanishes except where K = K’, n=n’', and j=j’. We consequently have 
where the component of the electric moment along the 2’ axis is concerned, 
selection rules and-amplitudes which are identically the same as where g =0. 

We turn now to where the electric moment lies in the x’y’ plane and set 
the integration over @ and y as before equal to C’, which enables us to write 
the integrals to be evaluated as follows: 


. Qn Qe 
n,] = + - _sR? 4; &< « 
Tj = C f er ideiKoe— ik’ ody f eto et io’ p, Wy i *dg’. 
0 0 


In order for this not to vanish we must set K=K’+1, and now replacing 
Y,,; and ¥,,’ ;’* by their appropriate values, remembering that one of these 
must correspond to even values of K and the other to odd values of K, the 
integrals become expressible as: 


ni ” ¢’ ¢’ 
les = (C” » f erie’ " X (<)x.(5) 
0 do do 
¢’ — 2x/3 o’ — 2/3 
do Po 
¢’ — 4n/3 o’ — 4n/3 
paor(t Hn {24h 
po Po 


or which is equivalent: 


n,j , al 4 ¢’ - ¢’ » ‘ 
Tei = (C" »f x(2)x (Serer ATL eolsretetld + wlvietteils} dg’, 
0 Do Do 


In the above integrals, when the exponents are taken positive, the sums 
within the brackets may be seen always to be equal to three or to zero, and 
when the exponents are taken negative, those sums which previously were 
found equal to three now become zero and vice versa, except n =n’ +3, in 
which case the sums always vanish. Since the actual coordinates over which 
we are integrating are cosines and sines, one must take sums and differences 
of these integrals, where the exponentials have exponents of different sign. 
Consequently the probability of transition between any two levels belonging 
to sets with quantum numbers j and j’ respectively will be the same where 
n#n'+3. When n=n'+3 the transition cannot take place. We obtain when 


we expand the term e’’” into a series: 
n, ; _ Se . ¢’ » ¢’ . . . 
1.7 = (C"/3) f Xx (=)x (* { [Leer 84M e2F#/3] [14 ig’/2 
0 po do 


gfe... |+ [turer 34 wy (vie-2ni 3] [1—ig’/2—9'2/8— se |} do’. 








Ay a nee ne ee 


—— 


oe eee 
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From this it is apparent that there will be several transitions allowed depend- 
ing upon changes of j to various values of 7’. These may be determined by 
evaluation of the components of these integrals of which we shall consider 
only the first two: 


n,) we sd a ¢’ . ¢’ \ Z : ie ’ 
Tye .j =O XA — )X; os LLL + wets + wert 3] 
0 Po 0 


+ [D+ we“ 4 We *FH3] f dg’ 


, 


which of course vanishes except where j =j’, where it takes the value C’’. 


— Cc Qn ¢’ ¢’ 
" aog = 6 f x(=)x,( ) id’, 2|1 ae w\*’e*! : + w\ e>t! 3| 
) 0 0 Po 


+ ig’, 2(1 + wet + we 2ril3| td’. 


which has a value only when j =j’ +1. Here it takes the value C’’, 8(q)"”. 

It is thus proved that the appropriate amplitudes are the same expressions 
as before, only that here they will in general be multiplied by some definite 
constant, and while these amplitudes and transition rules are valid only where 
q is very large and the levels are completely degenerate, they should serve to 
indicate what will be the important transitions where gq is still large, but where 
the degeneracy has been partly removed and the one component has begun 
to split away. It should be noticed that in the region of large g, the only 
transition which is of importance is the first one we have just discussed above 
where j =j’. This is of course what is to be expected from the problem of the 
ordinary symmetric rotator since it is the limiting case of our rotator when 
qg becomes infinite. 

1 wish to express my gratefulness in particular to Professor L. H. Thomas 
with whom it has been my privilege to discuss this problem many times and 
to whom I am indebted for many suggestions which have proved most fruit- 
ful in this investigation. Also the interest shown in this work by Dr. D. R. 
Inglis, and Professor D. M. Dennison at the University of Michigan as well 
as their friendly criticism is acknowledged with appreciation. 
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By using the most likely figures for the heat of dissociation of the C2 molecule 
(5.5 and 7.0 volts), it is shown that in saturated carbon vapor at temperatures from 
4150 to 4700°K the partial pressures of both atoms and molecules are of the same 
order of magnitude. Statistical computations of the vapor pressure of solid carbon at 
these temperatures show that either the absolute vapor pressure as determined ex- 
perimentally is entirely wrong or the pressure-temperature dependence is considerably 
in error. On the assumption that the absolute pressures are approximately correct, the 
heats of sublimation at 0°K into atoms and into molecules are 161 and 176 Cals. and 


195 and 189 Cals. respectively for the 5.5 and 7.0 volt dissociation energies. The true 
values probably lie within these limits. 


HE study of the determinations of the heats of vaporization and of 
sublimation of carbon has been undertaken by many workers,’ although 

the data and calculations of Kohn and Guckel,’ Fajans,* Rishkevich,® and 
Fajans and Rishkevich® are usually given the greater weight.’ The procedure 
used by Kohn and Guckel was that of the measurement by photometric 
means of the temperature of the positive crater of a carbon arc burning in an 
atmosphere of an inert gas at known pressure. It was assumed that over the 
range of pressure studied, the vapor of carbon is in equilibrium with the added 
gas. The data reveal a linear trend of log p with 1/7 over a range of 0.75 to 
5.0 atm. and 4150 to 4700°K. For lower temperatures and pressures the 
pressure falls off very rapidly and this latter phenomenon is attributed to 
super-heating or variations in the emissivity of carbon. 139.2 Cals. is given 
as the best value for the heat of sublimation of graphite, that of diamond 
being 2.0 Cals. higher; a precision of 7 percent is claimed. Kohn and Guckel 
also attempted to calculate upon statistical bases the equilibria between solid 
carbon and its vapor consisting either entirely of atoms or wholly of diatomic 
molecules; in this they were not sufficiently equipped to utilize the multiplici- 
ties of the states and the available data used were not as precise as those now 
known. From the former calculation as the heat of sublimation was obtained, 
141.4 Cals; from the latter, 186.0. Because of the agreement with the empiri- 
cal figure it was concluded that the vapor was preponderantly monatomic 
and that the possible equilibrium was far shifted to the one form. Fajans,‘ 


1 National Research Fellow in Chemistry. 

* For a bibliography of the more reliable work, see Jntern. Crit. Tab. 11, p. 205. 

* Kohn and Guckel, Zeits. f. Physik 27, 305 (1924); Naturwissen. 12, 139 (1924). 

‘ Fajans, Zeits. Elektrochem. 31, 63 (1925). 

® Rishkevich, Ibid., 31, 54 (1925). 

6 Fajans and Rishkevich, Naturwissen. 12, 304, 578 (1924). 

7 Marshall in Taylor’s Treatise of Physical Chemistry, New York, Van Nostrand, 1931, Vol. 
I, pp. 326-7, gives a good summary of the present status of the problem. 
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has critically corrected the data of Kohn and Guckel for the heat of fusion of 
carbon, since their experiments were performed at much higher temperature 
than the melting point of carbon (3800+ 100°K). He has obtained a value 
for the heat of sublimation of diamond at 293°K of 147.3 Cals. 

The summarizing vapor pressure equation in Jnternational Critical Tables 
corresponds to a logarithmic slope equivalent to 129 Cals. for the interval 
from 4150 to 4700°K; this when corrected according to Fajans gives 143 Cals. 

The heat of sublimation may also be calculated from the following data: 


AlT )(volts) 


CO —C(gas) +0 10.35 
C(solid) +3} O.—-CO — 1.149 
() —} Or» — 2.54'" 
C (solid) —C (gas) 6.67 volts (153.5 Cals.) 


The upper limit of 11.18 volts for CO—C +0 results in a value of 173 Cals., 
but this dissociation energy of CO is undoubtedly too high. 

The problem may be attacked from another viewpoint, as sufficient data 
are now available to permit a statistical calculation of the equilibrium in car- 
bon vapor and its effect upon the heat of sublimation. 

There are three band spectra attributed!” to the Cz molecule: the singlet 
system, I,—'I,(v, =3.2 volts); the Swan bands, *I],—*II,, (v, =2.4 volts); 
and the high pressure system, *II—*II. The two former are the more complete. 
The ‘II, is the lowest definitely known energy state of Cz and in ail probability 
is the normal state. The products of dissociation of all electronic states be- 
tween *II,, and *II,, which includes the 'Il,,, are, in all likelihood, two normal 
§P carbon atoms. Mulliken” has estimated and lists the relative energies of 
some of the electronic states of C.. There appears in the literature two 
figures for the energy of dissociation of Cs into two *P atoms: 7.0 volts is 
given by Weitzel and this embodies all earlier work; 5.5 volts is advanced by 
Mulliken. On the assumption of Mulliken’s electronic excitation values and 
by using the Birge-Sponer method it is found that the lower state of Swan 
bands, *II,,, corresponds to a dissociation energy of 7.02 volts; the upper state, 
3]T,, to 7.42; the lower state of the singlet system, ‘II, 8.28; the upper state, 
‘IT,, 6.78; the high pressure system, *II, 6.97 (average of all, 7.29). Thus it 
seems likely that the figure of 7.0 is the more correct value. Since the Birge- 
Sponer method usually gives too high a figure for the heat of dissociation by 
some 15 to 30 percent, it is entirely possible that the values obtained are too 
high. However, in order to arrive at a figure of 5.5 volts, the electronic excita- 
tion of 'II,, must be assumed to be considerably less than suggested. For the 
purposes of this paper, as extremes, the values of 7.0 and 5.5 will be utilized 
and a comparison of the data obtained will be made. 

5 Weitzel, Bandenspektren, Leipzig, Akad. Verlags. 1931, p. 354. 

® Lewis and Randall, Thermodynamics, New York, McGraw-Hill, 1923, p. 171. 

10 Weitzel, reference 8, p. 369. 


" Weitzel, reference 8, p. 333 ff. 
12 Mulliken, Rev. Mod. Phys. 4, 65-7 (1932). 
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The free energy at constant pressure of the atoms of a monatomic gas is 


expressible by the equation: if 
F 
fe” «® 3 lamkT if 
- = — — + — in —— + in— + Ing. + ng, (1) 
kT kT 2 h* XN, 


wherein f,” is the free energy at constant p per atom, & and / the Boltzmann } 
and Planck constants, 7 the absolute temperature, €,° the “zero point” energy { 
V. the number of molecules in the volume V, m the atomic mass, and g, and | 
g, the multiplicities of the electronic and nuclear states respectively. These ‘4 
latter two terms are easily evaluated for the carbon atom in a *P state. There { 
is no nuclear spin; and g, is 1. The electronic multiplicity, g., may be set q 
equal to 9, since the multiplet separations are very small and the temperature 
to be considered, very high. 

Similarly may be expressed the analogous term for diatomic molecules, in 
which case 


| be a,.° Ps 3 2r(lm)kT a V tek _ 
wai — --< — In —————— i comnee n g;.e~ti!# 

kT kT ? he? N.. 7 ; 

(2) bi 

+ In Do gie ti #7 + In > Bice tir! #7 
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wherein the three summations respectively represent electronic, rotational 
and vibrational energies of the molecule, on the assumption of negligible 
interaction between these three terms. The electronic multiplicity term is 
that of a *IT molecule; thus 5 may be used, as again the separations are small. 
The rotational energy term may be evaluated" as 8a°Jk7/2h? wherein J 
is the moment of inertia; this for the case at hand may be computed from the 
value of the distance between the atoms, which is 1.31 10~-* cm." The vibra- 
tional term may be written approximately as (1 —e~"*/*7)—', v being the vibra- 
tional frequency in the lowest state. This for the Swan bands is 1629.88 wave 
numbers.” 

For equilibrium one may write 2f,’/k7=f,,"/kT and after putting V/N 
=kT pan expression for logwK =logiy p2 /p-., is readily obtained. 

Table I gives the numerical results at several temperatures for Do =5.5 





TABLE I. 
K (atms.) p- (mm) 
T tn.) -—oOoOOoOoOCO— — 
5.5 volts 7.0 volts | 5.5 volts | 7.0 volts 

4153 0.84 | 0.63 | 0.88x107 | 362—sY| 62.0 
4303 1.35, 1.05 1.67 X10 591 108 
4503 2.83 2.24 4.36107 1240 249 
4703 5.24 | 4.23 9.77107 2320 505 








'S Gibson and Heitler, Zeits. f. Physik 49, 465 (1928). 
“ Mulliken, reference 12, p. 81. 
' Weitzel, reference 10, p. 370. 
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and 7.0 volts (Do =e,.,"—2e.°). p, is the total pressure as computed from the 
equation in International Critical Tables; p. shows the two sets of partial pres- 
sures due to carbon atoms. If these latter two sets of data are employed in a 
determination of the heat of vaporization into atoms, 130 Cals. is obtained 
on the basis of 5.5 volts dissociation energy, and 147 Cals. on the basis of 
7.0 volts; the former of these two values is equal to that obtained neglecting 
the presence of molecules; the latter is, on the other hand, considerably higher. 
If both are reduced to heat of sublimation at room temperature, one finds 144 
and 161 Cals. respectively. 

With the now available data on the equilibrium between atoms and mole- 
cules, it should be possible to verify the experimental vapor pressure curve by 
statistical methods. For the present problem the equation for the free energy 
at constant pressure of the monatomic gas is already known (1). The analo- 
gous expression for the solid may be formulated as 


fs” €,° ‘ 1 f dT fic o 3) 
MQ 86326cff.| ORS OT? 


The symbols have their usual significance and the subscript s merely refers to 
the solid state. The specific heat of carbon (diamond) is accurately known to 
1169°K," and is well expressed by the Debye equation. Beyond this the data 
are infrequent. Fajans'’ has given a series of average values for high tem- 
peratures: 5.04 for 293 to 2370°K; 6.5 for 2370 to 3800°; and 8.0 for 3800 to 
4380°. Thus, from these two sources it is possible to determine by graphical 
integration the values of the double integral. 

In order to eliminate the possibility of an error involved in the heat of 
fusion (10 Cals. according to Fajans) the International Critical Tables vapor 
pressure equation was extrapolated from 4153 to 3800°K, the melting point of 
carbon +100°. K’s were also determined for this temperature and partial 
pressures computed. These data are given in Table IT. 








TABLE IT. fp =149.3 mm at 3800°K. 














| 5.5 volts | 7.0 volts 
Pe 84.2 mm 11.7 mm 
Peg 65.1 137.5 








The total pressure is within fair agreement of the approximate figure of Fa- 
jans and Rishkevich'’ of 1/4 atm. for the equilibrium pressure at this tem- 
perature, indicating a well-founded extrapolation. 

By combining (1) and (3) for the equilibrium and putting V/N.=kT/p. 
there is obtained: 


6 Jellinek, Lehrbuch der physikal. Chem., Stuttgart, F. Enke, 1915, Vol. II, p. 595. 
17 Fajans, reference 4, pp. 67-8. 
18 Fajans and Rishkevich, reference 6, p. 304. 
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2 , 1 T dT fe iT + 3 , 2rm 
= — log p — —— — — lo 
2.3kT B10 Pe ~ FBR J rd,” 2 OES 
5 (4) 
on = logio kT + logio 9 


(A.° = «,° — «,°). 

The term involving the specific heat of the solid equals 1.623 for 3800°K. 
Evaluation of \.°, the heat of sublimation of carbon into atoms, gives 176 and 
161 Cals. respectively for the 7.0 and 5.5 volt dissociation energy values. 
It is significant that by this method both cases give figures larger than the 

value now used. 
Similarly by doubling (3) and combining it with (2) one finds 
Ae,” 3 2am 1 7 


] 
2 3kT = — logo pe, + 2D logic h? + > logio 2 + logio 5 + > kT 
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“ 8ar2J as 1 2 T dT fe aT (5 
gio —— + lo — — —- (5) 
oe °C wir 23RJ, T?d, ” 





(Ac,° _ €.,° roe 2e,°) 


Computation gives for \,,°, the heat of sublimation into molecules, 189 and 
195 Cals. respectively for the 7.0 and 5.5 volt cases. Proper combinations of 
d.° and X.,° give 7.0 and 5.5 volts for the dissociation energies, showing the 
absence of gross arithmetical errors. 

If one uses the presumably more correct experimental value of the heat 
of sublimation (corrected 7.C.7. value), 143 Cals., and calculates the theoreti- 
cal vapor pressure, there is obtained a figure of approximately 1000 mm as the 
partial pressure of atoms alone which is six times the total measured vapor 
pressure. 

Analysis of the possible discrepancies in the methods employed reveals 
several potentialities for error. For the specific heat term of the solids was 
utilized a figure which was at best approximate. No account was taken of 
the possibility of specific heat due to electronic motion or anharmonicity of 
vibrations in the crystal. Allowing for as much as 25 percent error in this term 
and increasing it by that amount, 169 Cals. is found for the heat of sublima- 
tion into atoms for the 7.0 volt case and 154.5 Cals. for the 5.5 volt case. This 
allowance certainly should exceed the maximum error from this cause. 

Another factor which might prove serious is that of the neglect of the 
possible presence of electronic states of the atom other than the *P and of the 
molecule other than the *II,,. The carbon atom has three low energy forms, 
\S, 'D and 5S. Disregarding 5S and again, as a first approximation, neglecting 
the energy separations, the presence of the other two of these states would 
increase the g, term to 15; by Eq. (4) this would give results of 180 and 
165 Cals. for the respective 7.0 and 5.5 volt cases. Again, considering only 
the states of the molecule predicted by Mulliken and of those only the three 
with less than 2 volts excitation energy above the ‘II, state, *2,~, ‘A, and 
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‘S,*, for the electronic multiplicity term is found approximately 11 instead of 
5. This change gives an increased heat of sublimation into molecules of 195.5 
and 201 Cals. for the 7.0 and 5.5 volt energy conditions. The combined 
changes would not greatly disturb the equilibrium constant, K, for 2 C@Co, 
as calculated. The chance of the existence of polyatomic carbon molecules 
has also been ignored. If such molecules are present in appreciable concen- 
trations, all calculated heats of sublimation should be further raised. 

Upon examination of all of these possible errors, it still seems apparent 
that the calculated heats of sublimation are considerably larger than the 
measured value. Thus either the experimental vapor pressures are erroneous 
or the pressure-temperature dependence is wrong. The second possibility 
is much more likely, as indicated by the observations that at low pressure 
the observed slope is quite different from that at higher concentrations. It 
must be concluded, thus, that the procedure of Kohn and Guckel in discard- 
ing the low pressure portion of their measurements is questionable, although 
no indication of the source of error can now be advanced. 

If the assignment of electronic excitation for 'Il,, by Mulliken is assumed 
to be correct, it seems entirely likely that the 7.0 volt value for the heat of 
dissociation is the more accurate figure and that the heat of sublimation of 
carbon at O°K is 176 Cals. This is much larger than the currently accepted 
value and renders imperative the recalculation of certain thermochemical 
data, such as “bonding energies”. If on the other hand, the excitation energy 
is questioned, the figure of 5.5 volts seems fairly satisfactory, and \,° (sub- 
limation) = 161 Cals. This is substantiated by the calculation using the heat 
of dissociation of the CO molecule. This, likewise, is larger than the current 
value. 

An independent experimental method of measuring the heat of sublima- 
tion of carbon is offered by determination of the heat of dissociation of cyano- 
gen, (CN). into 2 CN groups, since all other necessary thermochemical data 
are here available. It has been found in this laboratory that in cyanogen 
vapor heated to 1000°C there is absorption due to CN groups (the violet 
bands). Experiments to determine the heat of dissociation by a method 
analogous to that of Bonhoeffer and Reichardt!’ are now in progress. 


19 Bonhoeffer and Reichardt, Zeits. phys. Chem. Abt. A, 139, 75 (1928). 
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The Mobility of Caesium Atoms Adsorbed on Tungsten 


A heated tungsten filament in presence of 
Cs vapor adsorbs Cs atoms. The number of 
atoms per unit area, o, can be measured (if 
a <3.6X10" cem-*) by suddenly heating the 
filament (surrounded by a negatively charged 
cylinder) and observing the ballistic kick on a 
galvanometer, since every atom escapes as a 
positive ion. 

Three cylinders placed end to end sur- 
rounded a straight filament. With all three 
cylinders at positive potential (22 volts) a Cs 
film was formed with the filament at low tem- 
perature. The Cs vapor was then frozen out 
by immersing the bulb in liquid air. The fila- 
ment was next heated to a temperature 
(848°K) at which o was reduced below 
3.610" and the temperature was then low- 
ered to T; at which the rate of evaporation of 
atoms was very low. The potential of the cen- 
tral cylinder was then changed to —22 volts 
leaving the other two at +22. This allowed 
the Cs on the central part of the filament to 
escape as ions. The current to this central 
cylinder gave the rate of evaporation. After 
the removal was nearly complete, the poten- 
tial of the central cylinder was altered to —44 
volts and because the accelerating field for 
ions then reached into the end cylinders, an 
additional length a was freed from Cs. The 
current-time integral permitted the total 
length of cleaned filament to be measured. 

In this way a standard Cs distribution was 
obtained in which the central part, free from 
Cs, extended at each end a distance of 0.165 
cm into the end cylinders, while the two end 
sections were uniformly coated with Cs to a 
concentration of ¢ =2.73 X10". 

With the filament in this standard condi- 
tion the temperature was changed to T» for a 
time tf while all three cylinders were at +22 
volts so that no ions could evaporate. T, was 


chosen so low (< 848°) that there was no ap- 
preciable change in o by atom evaporation 
during the time f2. During this time, however, 
the Cs migrated to some extent from the end 
sections into the central section. The number 
of atoms which had arrived were then meas- 
ured by flashing the filament while the three 
cylinders were put at —22 volts, but the eur- 
rent to the central cylinder only was meas- 
ured. 

The migration of the Cs may be looked 
upon as a surface diffusion, the number of 
atoms per unit time crossing each unit of 
length of a line on the surface being Ddo / dt. 
Treating the problem as one of diffusion, as- 
suming as usual that D is independent of o, 
it is then possible to calculate D from the fore- 
going experiments. 

Measurements of the migration were made 
at T,=654°, 702°, 746°, and 812°K with 
times from 200 to 4000 seconds. At each tem- 
perature the values of D obtained were ap- 
proximately independent of ft (slight increase 
with t,). The values of log D plotted against 
1/T gave a straight line so that 

logio D = — 0.70 — 3060/T. (1) 
At 812° this corresponds to D=3.4X10"% 
cm? sec.~!, 

A few experiments were made in which the 
Cs concentration on the end sections in the 
standard condition was altered to 1.74 X10". 
At 812° a value of D of 1.4X10-° was found. 
Thus D varies considerably with o so that the 
experiments have given as yet only a kind of 
average value of D over the range from 
max to 0. 

Determinations of D at higher concentra- 
tions have been made by another method. In 
presence of a given pressure of Cs, the Cs 
film on a filament at about 1000°K surrounded 
by a negatively charged cylinder can exist in 
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two phases, separated by a definite boundary. 
From the more concentrated phase (@ phase) 
Cs evaporates as atoms while from the dilute 
8 phase Cs evaporates as ions; both of these 
rates being equal to the rate of arrival from 
the vapor phase. At a given filament tempera- 
ture there is only one pressure py at which 
these two phases can coexist. If the pressure 
is changed to p;, the phase boundary moves 
with a definite velocity v along the length of 
the filament, causing either one or the other 
phase to disappear. 

At the phase boundary there is a sharp con- 
centration gradient. The resulting surface 
migration is balanced by differences between 
the rates of evaporation into and arrival from 
the vapor. The rates of evaporation of atoms 
and ions, va and vp, both depend on T and o, 
but the rate of condensation yu is fixed by the 
Cs vapor pressure. The total evaporation rate 
v=va+vp rises from 0 at ¢o=0 to a maximum 
at about o=7 X10", falls to a minimum at 
43 X10" and then rises indefinitely. The curve 
vy—p as a function of o thus intersects the o 
axis at three points and forms two closed 
areas A, and A», enclosed by the curve and the 
o axis. A recent article [I. Langmuir, J. Am. 
Chem. Soc. 54, 1252 (1932)], gives data from 
which such curves can be prepared. Mathe- 
matical analysis shows that the condition for 
a stationary phase boundary is that A;=Ao. 

If at any temperature the rate of arrival of 
Cs is changed from yo to 41, the velocity of the 
movement of the boundary is given by 


Relative Abundance of H! 


Urey, Brickwedde and Murphy! have 
shown that an isotope of hydrogen of atomic 
weight 2 exists in ordinary hydrogen and that 
its abundance relative to H! is increased in 
liquid hydrogen by fractional distillation of 
liquid hydrogen near its triple point. By using 
the relative exposure times required to record 
the Balmer lines with a grating the relative 
atomic abundances were estimated as 1:4000 
in natural hydrogen and 1:800 (or more) in 
the concentrated samples. Bleakney? found 
that the relative abundance in one of the same 
concentrated samples was 1:1100 + 10 percent 
using a mass spectrograph method. The abun- 
dance as estimated by the relative exposure 
times agreed as closely with this as could be 
expected considering the approximate char- 
acter of this method as compared with that 
used by Bleakney. However his estimateof the 
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v = (D/2A)"*(u1 — wo). 


This was derived on the assumption that D 
is independent of ¢ and that v is small. 

The experiments show in fact that A4;=A:2 
and that v varies in proportion to 4; —~o. From 
measurements at 967°K a value of D=6X10™ 
was obtained. The concentration of the a 
phase was 7.3X10". From Eq. (1) for this 
temperature we calculate D=1.1X10~'. The 
higher concentration is the probable reason 
for the higher observed value of D by this 
method. 


The strong repulsive forces between the 
adatoms explains the variation of D with co. 
It is planned to develop a quantitative theory 
of this effect. The coefficient of the last term 
of Eq. (1) corresponds to an activation energy 
for diffusion amounting to 0.61 volts. The 
atoms are normally held in definite positions 
with respect to the underlying tungsten lat- 
tice, but by acquiring thermal energy of agita- 
tion of 0.61 volts or more, may hop into adja- 
cent vacant spaces. With definite knowledge 
of the lattice and the forces acting on the 
atom, it is hoped that the average life + in 
each elementary space may be determined. 


IRVING LANGMUIR 
Joun BRADSHAW TAYLOR 


Research Laboratory, 
General Electric Co., 
Schenectady, N. Y., 
March 29, 1932. 


? 
and H? in Natural Hydrogen 


abundance in ordinary hydrogen reported at 
the Boston meeting, of 1:30,000 is in very 
marked disagreement with that given by 
Urey, Brickwedde and Murphy. Moreover 
Kallman and Lasareff* also using a mass spec- 
trograph method conclude that H? must be 
less abundant than 1:40,000. 

In order to explain these discrepancies we 
have searched for possible sources of error in 
the spectrographic estimates. The change of 
intensity of the H? Balmer lines relative to the 
H! Balmer lines depending upon whether the 
ordinary hydrogen or concentrated samples 


1 Urey, Brickwedde and Murphy, Phys. 
Rev. 39, 164 (1932); 40, 1 (1932). 

2 W. Bleakney, Phys. Rev. 39, 536 (1932). 

3 Kallman and Lasareff, Naturwiss. 12, 206 
(1932). 
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were used showed that the H? lines observed 
in the concentrated samples could not be due 
entirely to chance coincidence with ghosts, 
but this did not eliminate the possibility that 
most of the intensity of the H? lines in ordi- 
nary hydrogen was due to such ghosts. We 
have used the He 5016A 2'S—3'P line to 
eliminate this possibility. An exposure of this 
line gave no ghost of the required intensity 
anywhere near the position required if the H? 
Balmer lines from ordinary hydrogen were to 
be explained in this way. The intensity of the 
H2 line from ordinary hydrogen in the second 
order appears to be about the same as that 
of the second order symmetrical ghosts and 
the exposure times were controlled so as to 
make these second order ghosts easily visible. 
We conclude that our H? lines from ordinary 
hydrogen are not due to imperfections in the 
grating. 

It is well known that the relative intensities 
of emission lines may be changed by reabsorp- 
tion in the emitting gas. The stronger lines 
will be decreased in intensity relative to the 
weaker lines if this is the case. The discharge 
tube used was about 40 cm long, 8 mm inside 
diameter and carried a current of about 1 am- 
pere. Under these conditions there might be 
enough atoms in the second state to absorb 
the Balmer lines considerably. This would 
cause us to overestimate the abundance of H?. 
To test this possibility we photographed the 
spectrum from the side of the discharge tube 
and found that the intensity of H’ lines rela- 
tive to the second order ghost of H's was dis- 
tinctly decreased. We then decreased the cur- 
rent in the discharge tube to about 4 ampere 
and found that the intensity was further de- 
creased. In the first case the exposure time 
required to bring out the second order ghosts 
was increased from 10 minutes to 3 hours and 
in the second case to 10 hours and thus the ab- 
sorbing layer of atoms in the second state 
should have been markedly decreased in these 
experiments. We conclude that the discharge 


tube was well designed for discovering a very 
rare isotope, but that the estimates of relative 
abundance based on these exposure times are 
not trustworthy and are too high. 


The authors previously estimated that as 
a result of the fractional distillation of four 
liters of liquid hydrogen near the triple point, 
the concentration of H? was increased by a 
factor of 5, which is in marked disagreement 
with the calculated factor of 100. Bleakney’s 
estimates indicate an increase of about 27 
which agrees much better with the calculated 
factor. The small concentration of H? in ordi- 
nary hydrogen makes the failure of Stern and 
Volmer* to detect the isotope after their at- 
tempts to concentrate it by a diffusion method 
understandable. 


Before the discovery of the H* isotope of 
hydrogen, Birge and Menzel’ pointed out 
that the discrepancy which exists between the 
atomic weights of hydrogen as determined 
chemically and by Aston using the mass spec- 
trograph, when reduced to the same basis, 
might be explained by the existence of an 
isotope of hydrogen with mass number 2 pres- 
ent to the extent of 1:4500. If the estimates 
of the concentration of H? in ordinary hydro- 
gen as given by Bleakney, by Kallman and 
Lasareff, and by Stern and Volmer are correct 
as to order of magnitude, this discrepancy 
must be accounted for in some other way. 

Haroip C, UREyY 
F. G. BRICKWEDDE 
G. M. Murpuy 
Columbia University, 
New York, N. Y. 
Bureau of Standards, 
Washington, D. C., 
April 1, 1932. 


4 Stern and Volmer, Ann. d. Physik (4) 59, 
225 (1919). 

5 Birge and Menzel, Phys. Rev. 37, 1669 
(1931). 


Ultraviolet Bands of Silicon Monoxide 


The writer has measured certain bands in 
the ultraviolet band system of silicon mon- 
oxide (SiO) and from these measurements has 
made a rotational analysis of the 0,1 and 0,2 
bands, with heads at 2413.8A and 2486.8A, re- 
spectively. The transition to which the bands 
are due was found to be 'x->'= as was ex- 
pected by analogy with the fourth positive 
bands of CO. By the results of the analysis 


of the bands just mentioned calculation 
showed By'’=0.6265, B,'’=0.7189, B,’’= 
0.7138. 

The writer is doing further work on the ro- 
tational analysis of this band system. 

PauL G. SAPER 
Ryerson Physical Laboratory, 
University of Chicago, 

April 1, 1932. 
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Size of the Mercury Metastable Atom 


M. L. Pool has reported measurements 
(Phys. Rev. 38, 955, 1931) of the diffusion of 
the 2°P, metastable atom of mercury in nitro- 
gen, in which he finds for the distance between 
centers of the metastable atom and the nitro- 
gen molecule at impact, the value o=3.2 
X10>%cm. This agrees closely with the value 
given by kinetic theory for the normal mer- 
cury atom, and is of special interest, since pre- 
vious measurements indicated that the meta- 
stable atom was somewhat larger than the 
normal atom. 


The method used by Pool is subject to an 
important criticism. The metastable atoms 
were produced in a cylindrical absorption cell 
containing nitrogen at several millimeters 
pressure, and the problem of determining the 
diffusion constant of these atoms in the nitro- 
gen, here involves the solution of the diffusion 
equation in a cylindrical vessel, with zero con- 
centration at the walls as boundary conditions. 
This solution involves a series of time ex- 
ponential terms, with the exponential con- 
stants proportional to the squares of the roots 
of the Bessel’s function of zero degree. The 
coefficients of these terms depend upon the 
initial distribution of the metastable atoms in 
the absorption cell, which is usually not 
known. The exact solution is therefore im- 
practicable. However, if observations be made 
only when sufficient time has elapsed after the 
cut-off of the exciting radiation, all the terms 
with theexception of the one having the small- 
est exponential constant will have fallen to 
negligible values and we can deal with this 
single exponential term, from which the diffu- 
sion constant can be found. Apparently Pool 
has used only this single term, but has applied 
it to measurements made so soon after the 
cut-off of the excitation, that the other terms 
were not negligible. To what extent his con- 
clusions are affected can not be calculated 
without more detailed data. In the light of the 
above criticism they should be examined with 
great care. 

The value given by Pool for the effective 
cross-section of the metastable mercury atom 
when diffusing through nitrogen is, however, 
in fair agreement with measurements made by 
the undersigned using a method not subject 
to the above criticism. The apparatus em- 
ployed was similar to that used by Zemansky 


(Phys. Rev. 29, 513, 1927). The mercury and 
nitrogen contained in a quartz cell, were ir- 
radiated intermittently by a mercury are in 
front of a slit behind which rotated a toothed 
wheel. On the same shaft, behind the cell was 
a disk which passed very close to a photo- 
graphic plate. In this disk was a series of small 
holes all at the same distance from the center 
of the shaft, each hole corresponding to a 
tooth in such a way that on the photographic 
plate was recorded the radiation emitted by 
the cell after the exciting radiation was cut 
off. Except for a short interval after the cut- 
off, this radiation consisted only of \2537 re- 
sulting from metastable atoms which had 
been raised to the 2°P; state by impact and 
was therefore a measure of the concentration 
of these atoms. The fluorescence of the quartz 
walls of the cell (Phys. Rev. 34, 1463-1465, 
1929) was eliminated by a calcite filter in 
front of the cell, cutting out that part of 
the are radiation which produced the fluores- 
cence. 

Of the curves obtained for the decay of the 
concentration of metastable atoms, only those 
parts were used in computation for which 
sufficient time had elapsed to make only the 
first term in the solution of the diffusion equa- 
tion of importance, so that the decay followed 
a simple exponential relation. In addition to 
the diffusion, the decay constant depended also 
on the rate of loss of metastable atoms by im- 
pacts of the first and second kind with nitro- 
gen molecules. This part decreased as the 
pressure of the nitrogen was decreased, so that 
at low pressures the decay was determined 
primarily by the diffusion. From such meas- 
urements the diffusion constant was calcu- 
lated and o, the distance between centers of 
metastable mercury atoms and nitrogen mole- 
cules at impact was found to be 3.7 X10~* cm. 
This value lies very close to the kinetic theory 
value, ¢=3.35 X 10-5 cm, indicating that un- 
der these circumstances the metastable mer- 
cury atom is not very different in size from 
the normal atom. 


The effect of some gases other than nitro- 
gen on the life of the metastable mercury 
atom is very marked and much care must be 
taken in purifying the nitrogen for dependable 
results. Merely heating a prebaked quartz cell 
to 150°C has been found to free enough gas 
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to shorten the life of the metastable atom 
many hundreds of times. Since with the cells 
used in these experiments the decay constant 
of the metastable atoms was of the order of 
100 sec.-' for pressures of nitrogen in the 
neighborhood of 4 mm it may be readily seen 


why minute quantities of other gases cause 
appreciable quenching. 
Haro_p W. WEBB 
HELEN A. MESSENGER 
Department of Physics, 
Columbia University, 
April 6, 1932. 


Isotope Displacements in the Hyperfine Structure of Lead 


Isotope displacements much larger than 
those expected from the Bohr mass correction 
to the Rvdberg constant have been observed 
by H. Schiiler and J. E. Keyston' for Tl and 
Hg. With Aston’s data for the relative abun- 
dance of isotopes of Hg and the relative inten- 
sities of the hyperfine structure components of 
several lines of Hg, they found that the terms 
due to different isotopes fell in the order of 
the masses. This appears remarkable since the 
suggestion so far is that the large isotope dis- 
placements must be due to nuclear fields. 
There is no obvious reason, however, why 
these fields should vary in the order of the 
nuclear masses. 

In the study of isotope displacements there 
are special advantages in working with lead 


Pb"? term 


Term separation term 
Av(cm™) 
s*Po 0.000 -_——— 
s*P, .436 regular 
p*Po .000 coms 
p’P, .125 inverted 
p’P» .864 regular 


TABLE I. 


Nature of 


uranium lead in the visible and extended 
them into the ultraviolet. The next to the 
strongest components of \\4168, 4062, 4019, 
3739, 3683, 3671, 3639, 3572 and 2833 of Pb I 
and \A4386, 3786, 3016 and 2948 of Pb II were 
all found to be due to Pb?®. With this result 
and that of Kopfermann for Pb?®* in the vis- 
ible, it is definitely established without using 
thorium lead that the strongest component of 
each of these lines is due to Pb?®*. Although 
the isotope displacement for Pb*?** I and Pb?” 
I was found to be as large as 0.093 cm“, 
values for the displacement of Pb?®* II and 
Pb?” IT ranged from 0.086 cm for 44386 to 
0.415 cm! for 43786. 

From the line patterns of \\4058, 3683, 
3639, and 2833 the hyperfine splittings, shown 








Term displacement with 
respect to Pb?°** 


C.G.Pb?" Pb? 
Av(cm™) Av(cm™) 
(? —0 .003 
0.000 .000 
— .048 — .079 
— .052 — .088 
— .016 — .093 


* The last figure in these tables, 0.001 cm™ is subject to doubt. The estimated accuracy 


of the measurement is +0.005 cm™. 


since isotopes 206 and 208 give single lines and 
can be obtained fairly pure from uranium and 
thorium ores, respectively. It is the object of 
this letter to report isotope displacements of 
Pb?®, Pb?°7 and Pb?°s in the order of their 
masses similar to those found by Schiiler and 
Keyston for Hg. 

Kopfermann? using uranium lead has iden- 
tified the next to the strongest components 
for \A5372, 4245, 4242 and 4058 of ordinary 
lead to be due to Pb?®. The strongest com- 
ponents of these lines were found by him, 
when thorium lead was used, to belong to 
Pb?°s. We have verified his observations for 








in the second column of Table I, of s*Po.; and 
P® Po... of Pb?°? IT have been calculated by 
using a nuclear spin, =}. In the last two col- 
umns of the same table are the term displace- 
ments of the center of gravity (with 2f+1 as 


' Schiller and Keyston, Zeits. f. Physik 70, 
1 (1931); 72, 433 (1931). 

2? Kopfermann, Naturwiss. 19, 400 (1931); 
19, 675 (1931). See also Aronberg, Astrophy. 
Jour. 39, 185 (1918) and Merton, Proc. Roy. 
Soc. A96, 388 (1920); 100, 1921 (1922) for 
qualitative agreement. 
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the weight factor) of the Pb?®? terms and the 
single Pb?” terms with respect to Pb?°’. The 
s§P, term was arbitrarily chosen with no dis- 
placements as a standard. 

The way in which the terms fall in the order 
of their masses is in agreement with Schiiler 
and Keyston for Hg, while the value for the 


*Schiler and Jones, Naturwiss. 20, 171 
(1932), 
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splitting of s*P; and the magnitude of the dis- 
placements for Pb?°s, Pb?°? and Pb?" are very 
nearly the same as found by Schiiler and 
Jones’ from the pattern of 47228. 
J. L. Rose 
L. P. GRANATH 
New York University, 
New York, N. Y., 
April 6, 1932. 


A Calculation Concerning the Nature of the Secondary Corpuscular Cosmic Radiation 


Schindler! has studied the ionization in a 
thin-walled vessel placed behind shields of 
various materials and he has shown that the 
effect of a shield does not depend entirely 
upon the number of exterior electrons per cm? 
in the substance, but the nuclear species must 
also be considered. The curves 
which Schindler has obtained, representing 
the ionization asa function of the distance in 
medium MM, from the interface between media 


transition 


M, and Mz may be given a more rigorous in- 
terpretation than that which he himself has 
proposed. 

Let N be the number of primary rays per 
cm*® per sec. passing the interface. These we 
assume to contribute nothing per se to the 
measured ionization, but they are absorbed in 
medium MM, with a coefficient v2. Accompany- 
ing the primary radiation and produced by it, 
as for example by Compton collisions if the 
primary rays are photons, we assume the 
existence of a relatively softer secondary cor- 


Integrating, subject to the obvious bound- 
ary conditions at the interface, we obtain for 
the total number of secondaries after travers- 
ing the distance d of M, 


N= Ny + No = Noe M4 
+ BaN(e?#4 — eH") (uz2 — v2). (2) 


The absorption of these secondaries in the 
ionization chamber itself is negligible so that 
nI (I being the number of ion pairs per cm 
of path at atmospheric pressure) should repre- 
sent the number of ion pairs per cm* per sec. 
reduced to standard conditions. By a suitable 
choice of constants Eq. (2) agrees well with 
the experimental values, as is shown in Table 
I in the case of the air to lead transition. The 
constants have the following values when re- 
duced to unit solid angle at the vertical. 

B2NI/(u22—v2) (the number of ion pairs per 
cm? per sec. due to secondaries in equilibrium 
with primaries of ground level intensity in 
lead) =0.43. 








TABLe I, 
‘cemoflead 0 2.3 4.1 90 13.1 18.0 27.0 45 90 135 
Observed 0.461 0.468 0.466 0.427 0.384 0.349 0.313 0.287 0.262 0.240 
Theoretical 0.471 0.468 0.424 0.284 0.262 0.246 





puscular radiation which gives rise tothe meas- 
ured ionization. Let 2,9 be the number of sec- 
ondary rays per cm? per sec. in equilibrium 
with the primary rays in M, at the interface 
M,M:. These rays which have been engen- 
dered in Jf, will be absorbed in: M2 with a 
coefficient 42. M2: also produces and absorbs 
its own secondaries with coefficients 82 and 
foe respectively. The increments in the two 
types of secondary radiation in passing 
through a layer dx at x in M, are therefore 

dn = — myyedx 

dnz = (NB2e~’* — nopier)dx. (1) 


0.461 0.471 0.468 0.424 0.384 0.349 0.310 0.284 0. 





Nyol (the number of ion pairs per cm’ per 
sec. due to secondaries in equilibrium with 
primaries of ground level intensity in air) 
=0.66. 

Miz = 0.495 per cm of lead 
2 = 0.98 per cm of lead 
v2 = 0.0064 per cm of lead. 
If we take 36 pairs? per cm of path as the 


average rate of formation of ions by both 
types of secondaries we find 0.018 and 0.012 


1 Schindler, Zeits. f. Physik 72, 1931. 
2G. L. Locher, Phys. Rev. 39, 883 (1932). 
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as the numbers of secondaries per cm? per sec. 
per unit solid angle in the vertical direction 
in air and lead respectively. The former value 
may be compared with 0.0073 as found by 
Street and Johnson* from Geiger-Mueller 
coincidence counts in air. This discrepancy of 
a little more than a factor of two may be part- 
ly ascribed to an uncertainty in the value of J 
and partly to a tendency for a primary to be 
accompanied by more than one secondary at a 
time, these producing their share of ionization 
although the group is recorded as only a single 
coincidence. This grouping tendency has, in 
fact, been observed by Locher.? Furthermore, 
the fact that Rossi found only a four percent 
ditference in the number of coincidences with 
a 10 cm block of lead between and above a 
pair of counters indicates that a primary is al- 
most always accompanied by at least one sec- 
ondary, since there is but a small chance of a 
secondary traversing the intervening lead if 
“yo as calculated above is correct. We must 
conclude, therefore, that the number of prima- 
ries is less than the number of secondaries per 
cm*® per sec. by perhaps as much as a factor 


of 3. 


Note on Electron 


The last paragraphs in the manuscript of 
our paper on “Inelastic and Elastic Electron 
Scattering in Argon” (Phys. Rev. 39, 585 
(1932)) did not appear in the published ar- 
ticle; presumably they were accidentally 
omitted between the galley and page proofs. 
The missing paragraphs are as follows: 


“B. In all cases hitherto investigated, the 
number of ejected electrons sent out at very 
large angles (7.e., 160° or 170°) is relatively 
very small. 

C. The total number of slow ejected elec- 
trons (say, 1 volt) is greater than the total 
number of faster ejected electrons (say, 8 
volts) in accord with the fact that the total 
number of electrons which have lost a small 
amount of energy (say, 1 volt) above that 
necessary for ionization, exceeds the total 
number of electrons which have lost a larger 
amount of energy (say, 8 volts) above that 
necessary for ionization. 

D. In general, the main peak in each curve 
is more accentuated the less the energy of 
the ejected electron and the less the energy 
of collision between the colliding electron 
and the atom. 
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The absorption coefficient 0.495 of air sec- 
ondaries in lead corresponds to the range 
which an electron of 107 to 10° volts energy 
would have on the basis of Oppenheimer’s 
formula and this agrees in order of magnitude 
with the curvature of the tracks studied by 
Anderson. 

These results also provide an explanation 
for the failure of Mott-Smith and Rossi to 
deflect the rays magnetically, since absorption 
in the iron magnet would have prevented the 
same secondary from passing through both 
counters. They also explain the fact that the 
absorption coefficient in thick shields as 
studied by Geiger-Mueller counters agrees 
roughly with that of the primary radiation. 

Tuomas H. JOHNSON 


The Bartol Research Foundation of the 
Franklin Institute, 
Swarthmore, Pa., 


April 8, 1932. 


3 Bulletin of the Washington Meeting of the 
American Physical Soc. April, 1932. 
4B. Rossi, Zeits. f. Physik 68, 64 (1931). 


Scattering in Argon 


It should be stated that the curves in any 
horizontal row in Fig. 13 are more strictly 
comparable with each other than the curves 
in any vertical column. The reason for this 
is that the focusing factor is the same for all 
curves in any horizontal row but changes 
from one row to the next. When we compare 
the curves for the 1-volt ejected electrons 
we observe that the position of the main 
peak moves to smaller angles as the energy 
of collision is increased. The same effect may 
also be observed for the 3-volt ejected elec- 
tron. A subsidiary peak may be found in 
most of the curves. This tends to move to 
smaller angles as the energy of collision is 
increased. If now we consider the curves in 
any vertical row, we notice that in prac- 
tically every case the peaks are the more ac- 
centuated the less the energy of the ejected 
electron. For any given collision energy, the 
main peak tends to move to slightly larger 
angles as the energy of the ejected electron 
under consideration is increased. 

These results are to be regarded as a pre- 
liminary survey of a very promising field. 
On account of the number of possible varia- 
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bles, a complete experimental exploration 
will take considerable time. Just as the 
wave aspect of electrons has been successful 
in giving a general description of the char- 
acteristics of elastic scattering, it may per- 
haps also be invoked to account for the dif- 
fraction like patterns found for the ejected 
electrons.” 


Attention is also called to the fact that 
Eq. (2) in our paper is incorrect. According 


to Mott's article, it should be 
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a'(0) = ——_F?. 
mec 2 


Professor Jauncey informs us, however, that 
the correct form of the formula is 


w= (R42=F) ¢ 


F2+ <= 
Z 
A. L.. HuGHEs 
J. H. McMiILLen 
Washington University, 


1 + cos? 0 


mec 2 


St. Louis, Missouri, 
April 8, 1932. 


Additional Experimental Verification of Fowler’s Photoelectric Theory 


Some time ago the writer published' the 
results of experiments on the determination 
of the photoelectric work functions for a 
series of metals, the surfaces of which were 
prepared in a high vacuum, but not subjected 
to a thorough outgassing treatment. Changes 
were observed in the magnitude of the photo- 
electric currents as a function of the time 
after filing the surfaces. The usual extra- 
polation method indicated, however, that the 
threshold, or work function, was independent 
of the time. 

Some recent theoretical work by Fowler,? 
based upon a Fermi-Dirac distribution of free 
electrons, has received excellent experimental 
confirmation from the results of several ob- 
servers working with outgassed metals. It may 
be of interest to know that the theory is 
apparently applicable to metals which are 
what may be called only “partially out- 
gassed”. Using the above-mentioned ob- 
servations obtained by the writer, it has been 
found that the data make a very good fit to 
Fowler's theoretical curve, the deviations 
from the values found by the older, and 
doubtless more unreliable, method, being no 
more than could reasonably be expected. 

An interesting fact determined from this 
rew treatment of the data is that the work 
function does not remain constant, but in- 
creases slightly with the time. (Germanium is an 














exception in that there is a slight decrease.) 
Whereas the older extrapolation method did 
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Fig. 1. Data from “partially outgassed” 


cobalt. The graph shows how closely the 
observations fit the theoretical curve and the 
shift of the photoelectric work function with 
the time. 


not make it possible to distinguish these small 
differences, even when the data were plotted 


! Phys. Rev. 32, 657 (1928). 
2 Fowler, Phys. Rev. 38, 45 (1931). 








TABLE I. 
Extrapolation Fowler's theory 
Metal method 10 min. 20 min. 1 hr. 2 hr. 
Ca 2.76 2.58 2.60 2.70 2.74 
Fe 3.91 3.89 3.92 3.93 3.94 
Co 3.90 3.88 3.39 3.92 3.92 
Ni 4.06 4.02 4.04 4.07 4.08 
Cu 4.18 3.99 4.04 4.07 4.09 
Zn 3.89 3.82 3.84 3.86 3.86 
Ge 4.29 4.18 4.17 4.15 4.14 
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on a large scale, they are now found unmis- 
takably to exist. 

Table I gives the values of the photoelectric 
work functions in electron-volts as deter- 
mined by the old and new methods. Fig. 1 
gives an example of how closely the observa- 
tions fit the theoretical curve. 

While no accurate record of the tempera- 
ture was made for all of the observations, its 
value was always very close to 298°K in the 
neighborhood of the photoelectric cell, and 
this value has been used in all calculations. A 
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possible error of one or two degrees will not 
invalidate the results. The anomalous shift in 
germanium is unexplained. For calcium the 
range of frequencies is probably too great to 
cover the assumptions of the theory. It is 
possible that the range is sufficient such that 
appreciable changes occur in the reflecting 

power of the surface. 

GEORGE B. WELCH 
Cornell University, 
Ithaca, N. Y., 
April 11, 1932. 


Absolute X-ray Wave-lengths 


In a recent issue of this Journal Biicklin' 
has attempted to criticise the writer’s results? 
on “x-ray wave-lengths by dispersion” by fail- 
ing to quote correctly the writer’s statements. 
He says “The conclusions drawn from the re- 
sults are: (1) ‘There is now very little ques- 
tion about the real value of e m, and (2) The 
grating measurements of x-ray wave-lengths 
are definitely in error’.” Reference to the 
writer's paper will show that in both quota- 
tions important qualifying words have been 
omitted. In order to indicate clearly the 
present status of the wave-length problem I 
shall comment briefly on Biicklin’s letter and 
then add some new considerations which 
further support the writer’s view that the 
grating wave-lengths are in error. 

Eq. (9), page 3 of the paper in question? 
may be written 


2 = A-5-(e/m)—" 


where K is a factor depending on the prop- 
erties of the material and _ is 
practically insensible to small changes in A 
(0.5 percent). Since 6 is the only quantity 
measured by refraction it is obvious that both 
\ and e m cannot be determined from this one 
relation. Biicklin's implication that this was 
attempted by the writer is absurd. A mere 
calculation from Eq. (9) would have shown 
him that this was not true. The value of e m 
substituted in Eq. (9) was 


refracting 


e/m = 1.761 X 107 e.m.u. 


It is generally agreed that the value of e/m 
cannot be larger than this value and accord- 
ing to the most recent determination it is 
probably less. The use of a smaller value 
would of course increase \ slightly but would 
not destroy the agreement between crystal A 
and the dispersion \. 


Biicklin calls attention to the fact that the 
“exceedingly careful, systematic investiga- 
tion by Larsson,* using several methods for 
determining 5” is in error by 0.5 percent. Ac- 
cording to Larsson’s Inaug. Diss. 1929 only 
one method was used for determining the 
refraction by quartz. The density of the 
quartz prism was “precisely” measured as 


p = 2.0085 


As the accepted value is p=2.649 the writer 
contemplated arbitrarily changing Larsson’s 
value when his results were considered, but 
in view of the simplicity of density measure- 
ments I finally concluded that he must have 
used an exceptional piece of quartz. Sieg- 
bahn's “Spektroskopie der Réntgenstrahlen” 
1931 uses p=2.65 which is 0.7 percent lower 
than that given by Larsson while Biicklin 
corrects Larsson’s results by 0.5 percent. 
Thus there are three values of the density 
which have been issued from the same labo- 
ratory, namely 


p = 2.0685 
p = 2.6552 
p = 2.05. 


Recent refraction measurements' of x-rays 
by calcite have shown that when A is obtained 
from Eq. (9) one again finds wave-lengths 
either < the crystal values. While the pre- 
cision of these experiments is much less than 
that obtained with quartz, it is interesting 
(while not very significant) that all \’s are 


1 E. Biicklin, Phys. Rev. 40, 112 (1932). 

2 J. A. Bearden, Phys. Rev. 39, 1 (1932) 
and 38, 835 (1931). 

* A. Larsson, Inaug. Diss., Uppsala (1929). 

‘J. A. Bearden, and C. H. Shaw, Wash. 
Meeting of the Am. Phys. Soc. (1932). 











either < the crystal \. Larsson® has made two 
determinations of 6 for the Cu Ka, line re- 
fracted by calcite but since his results 
differed from each other by more than 3 per- 
cent there is no point in calculating \ from 
them. 

It should be emphasized that the calcula- 
tion of \ assumes the validity of the quantum 
theory of dispersion. A precise determination 
of 6 is thus the important experimental fact 
which, if \ were known, could be used to ac- 
curately test the theory. But since the real 
value of \ is probably more in doubt than the 
theory it is plausible to assume the theory and 
calculate X. 

In making a decision between accepting 
either crystal or grating wave-lengths the fol- 
lowing facts should be considered: 

1. Allison’ has recently examined samples 
of calcite in which there is no evidence for 
mosaic structure from intensity of reflection 


5S. K. Allison, Wash. Meeting of the Am. 
Phys. Soc. (1932). 


Accommodation Coefficients of Helium and Argon against Tungsten 


Zener' has recently calculated the quantum 
mechanical theory of the exchange of energy 
between monatomic gases and solid surfaces. 
He assumes a repulsive potential curve of the 
form V=Ce~'/¢, so that the repulsive energy 
to 1/e of its value at r=d. In order to make 
an experimental test of this theory, it seemed 
worth while to determine the relative accom- 
modation coefficients for two of the noble 
gases under conditions of cleanliness of sur- 
face and gases comparable to those used by 
Roberts.?* 

This determination has been made for argon 
and helium. The gases were purified by circu- 
lation over a hollow cathode misch-metal bot- 
tle, hot copper and copper oxide and a hot 
tungsten filament (in addition to a chabazite 
trap at liquid air temperature, in the case of 
the helium). The accommodation coefficient 
was determined by measuring the heat loss 
from a two mil tungsten filament, 35.6 cm 
long, in a water-cooled Pyrex tube. The tem- 
perature difference between the wire and the 
walls, which was of the order of ten degrees, 
was determined by a resistance measurement 
in the usual way. The filament was cleaned by 
heating to about 2000°K. 

The values obtained for the accommodation 
coefficients before cleaning the wire were 1.00 
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measurements. Thus, the calculated grating 
constant should be correct. 

2. The agreement between the value of / 
as determined by x-rays® agrees well with the 
best values obtained by other methods. 

3. The inconsistency’ of the fundamental 
constants when the grating wave-lengths are 
adopted as absolute values. 

4. The dispersion of x-rays. 


Thus there are strong indications that the 
grating wave-lengths are in error. It should be 
pointed out, however, that a change of as 
much as 0.1 percent could be made in the 
crystal grating constant without conflicting 
with any of the above results. 

J. A. BEARDEN 

Johns Hopkins University, 

April 16, 1932. 


®W. Duane, Palmer, and_Chi-Sun Yeh, 
H. Feder, 


Proc. Nat. Acad. Sci. 7, 237 (1931)) 
Ann. d. Physik (5) I, 494 (19% ———_ 774 
7 R. T. Birge, Phys. Rev. April 15 (1932). 






for argon and 0.53 for helium. The correspond” 
ing values for clean tungsten were 0.82 and 
0.17. Taking the value of d necessary to give 
this ratio of 4.8:1.0 with Zener’s formula, we 
get d=3.2(10)~'° cm. 

The absolute value obtained for helium is 
somewhat higher than that found by Roberts. 
The reason is probably to be found in the 
roughness of the tungsten surface. It was 
found that prolonged heating gave constant 
values of the accommodation coefficient 
against clean tungsten, so we may probably 
assume that this roughness did not increase 
after a certain amount of heating. This is 
further confirmed by the fact that my values 
are in the upper range of the values found by 
Roberts. If we take his values of 0.20 and 0.06 
for helium against a smooth oxygen covered 
surface and a smooth clean surface as correct 
and compute by his formula the average num- 
ber of collisions made between a helium atom 
and my rough surface, we obtain 3.4 for the 
oxygen covered surface and 3.0 for the clean 





'C. Zener, Phys. Rev. 40, 335 (1932). 

2 J. K. Roberts, Proc. Roy. Soc. A129, 146 
(1930). 

3 J. K. Roberts, Proc. Roy. Soc. A135, 192 
(1932). 


/ 
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tungsten. Considering the difficulty of ac- 
curately reproducing the dirty surface, this 
agreement seems reasonable. Taking the 
value 3.0 as the most reliable value, the ac- 
commodation coefficients for smooth surfaces 
become 0.44 for argon and 0.06 for helium, 
with the ratio 7.3:1.0. This ratio gives 
d =1.6(10)~° cm, probably a better value than 
that given above. 

Either of these values, when inserted in 
Zener’s equation, gives a good agreement with 
the temperature variation of the accommoda- 
tion coefficient as determined by Roberts,® 
but raises two grave objections to the theory: 


(1) The value is so small compared with 
atomic dimensions, that the assumption of an 
exponential curve seems to lose significance. 

(2) When d is substituted in Zener’s cri- 
terion for neglecting the interference bet ween 
normal coordinates (second equation of his 
paper), his quantity, S, is greater than one 
for any gases appreciably heavier than helium, 
and the validity of his treatment is destroyed. 

WALTER C. MICHELS 

National Research Fellow, 

Palmer Physical Laboratory, 
Princeton, N. J., 
April 21, 1932. 
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BOOK REVIEWS 


Introduction to Vector Analysis. L.. R. SHorRTER. Pp. 356+xiv, figs. 158. The Macmillan 
Company, New York, 1931. Price $2.75. 

This is an excellent book for the beginning student in physics or mathematics who desires 
to obtain, through his own efforts, a working knowledge of vector methods and their applica- 
tions. It is beautifully written and complete enough so that the student may continue his studies 
in the more advanced text-books which now exist or approach his physical studies with con- 
fidence. 

The contents include a discussion of addition, multiplication, and differentiation. It is 
concluded with a chapter devoted to the application of vector methods to dynamics and 
physics. The application of the operator “del” as a vector is introduced in the chapter on differ- 
entiation and the validity of the process is shown by direct methods. 

The most distinctive feature of the book is the introduction of a large number of problems, 
at the end of each chapter, all of which are worked out in great detail in separate sections so 
that the student may first try to work them himself. 

P. T. Situ 
University of Minnesota 


A Text-book of Physics. L.. B. SpINNEY. Pp. 679+-xiii, figs. 422. The Macmillan Company, 
New York, 1931. Fourth Edition. Price $3.75. 


This was designed as the text for class-room work in an elementary course in general 
physics to be offered to college or university students. It was assumed that the text would be 
supplemented by a course of experimentally illustrated lectures and by a suitable course of 
laboratory exercises. As a consequence, the book is very concise and has included in the text 
very few descriptions of illustrative experiments or of laboratory methods. 

The plan of the book emphasizes the practical side of the subject rather than the mathe- 
matical by making all of the demonstrations as simple as possible and by illustrating the laws 
by phenomena which should be familiar to the average college student. The various branches 
of the subject are well treated and are presented in a logical order. 

The main features of this new edition are the extention of the lists of problems and the in- 
troduction of illustrative problems with detailed solutions in the body of the text. Both of these 
add to the value of the book as a text, since the average beginning college student will never 
truly understand the fundamental principles of physics until he has seen them applied and has 
been forced to apply them himself by working problems. 

P. T. Smira 
University of Minnesota 


Opticks: Or, a Treatise of the Reflections, Refractions, Inflections and Colours of Light. 
The Fourth Edition, corrected. Sir Issac Newton. Pp. 414, figs. 68. Wittlesey House of Mc- 
Graw-Hill. New York, 1931. Price $2.50. 

This remarkable work will forever remain one of the classics of science, and a means of 
introduction to the foremost natural philosopher of all time. Of all the works of Newton, it is 
the foremost of those which he himself prepared and corrected and added to in later editions, 
Thus it is best able to give us an insight into the methods of investigation and thinking which 
characterized this unique man. 

The first book deals particularly with his epoch making experiments with dispersion and 
the spectral analysis of radiation. On these pioneer experiments rests the further development 
of spectroscopy, the discovery of new radiations, and the physical theory of the origin of 
colors. The second book deals with the reflection and refraction of light and with the colors of 
thin plates. Here we meet with his development of the corpuscular theory of light and in 
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particular with that curious blending of the corpuscular theory with the wave theory similar 
to that which is now again in the foreground. The third book is concerned with diffraction and 
closes with numerous “queries” which Newton did not have time to investigate fully. These 
queries make up perhaps the most interesting part of the book for here we see Newton's mind 
at work, groping for answers to a variety of questions on different phases of physics and 
chemistry. 

Here indeed is a wealth of ideas and enjoyment for him “who has time and tranquillity.” 
May there be many such! 

JosEPH VALASEK 
University of Minnesota 


Les Colloides et L’etat Colloidal. A. Boutaric. ii+259 pp. 28 figs. Félix Alcan, Paris, 
1931. Price 18 francs. 

This is one of the volumes in the “nouvelle collection scientifique” edited by Emile Borel. 
The author rather frankly states that it represents a very elementary treatment of the subject 
and that it follows largely the form of a series of lectures which the author gives in a course in 
physical chemistry at the University of Dijon. 

A short introductory chapter is followed by others on “The preparation of colloidal sols,” 
“Osmosis, dialysis and ultra-filtration,” “Dispersion of light by colloidal sols,” “Electrical 
properties of colloidal sols,” “Flocculation of colloidal sols,” “Physical properties of colloidal 
sols,” “Emulsions,” “The form and structure of colloidal particles,” “Membrane equilibria,” 
“Gels,” and the book closes with a short chapter on “Adsorption in colloidal systems.” 

The treatment is largely descriptive and non-mathematical and for a brief elementary 
text it appears to be well balanced. The reviewer, however, does not see that it would be of any 
particular value to American readers (except perhaps to those who are learning to read 
scientific French) since other larger and more complete treatments are readily available. 

An appended bibliography of reference works probably reflects the French attitude toward 
Germany. In spite of the fact that Freundlich's “Kapillarchemie” is the vademecum of the 
science it is not mentioned. The entire bibliography does not contain a single citation of a 
German or Austrian book except that reference is made to the Kolloid Zeitschrift. There are 32 
French citations (3 of which are translations of English or American origin and 3 of German 
authors). There are 7 English and 6 American titles listed. 

The paper on which the books is printed is very poor, almost newsprint. There are neither 
author or subject indices. 

Ross AIKEN GORTNER 
University of Minnesota 


Association Theory of Solution and Inadequacy of Dissociation Theory. J. N. RAKsuir. 
Pp. 298+ ii, figs. 3. Ghazipur Chemical Works, Ghazipur, U. P., India, 1930. 

This book could have been written thirty or forty years ago and then might have met with 
more success than it will do now. The author takes the viewpoint that any solution is to be con- 
sidered as a compound of solute and solvent and denies or neglects molecular or electrolytic 
dissociation. 

In the various chapters a critical review of the interpretations of solubility, specific 
gravity of solutions, contractions, surface tension, viscosity, osmotic pressure, thermal effects, 
optical properties, electrical effects of solutions is given. Most of the literature covered is more 
than twenty to thirty years old and no use is made of any modern conceptions or theories. 
Although it must be admitted that our present knowledge of solutions is far from being com- 
plete, it must be stated that Rakshit’s book contributes rather a handicap than an advance to 
the subject. 

In the introduction the author apologizes for his incomplete command of English, “I would 
have been happy if I had more control over this language”; this excuse hardly justifies the in- 
numerable misprints in the book. Worse, however, are the great number of confusing and 
contradictory statements in the text; for example, p. 250, “These results obviously do not 
harmonize with the conception that the solutes in an electrolyte partially break up into ions 
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and number of the broken molecules increases with dilution,” p. 206 “Conduction of electricity 
through solution is not due to the dissociation or ionized molecules of salts and bases in solution 
because the fused salts and bases also conduct electricity without any dissociation or ionization 
through the intervention of solvent”(!). The existence of dipoles and multipoles, the physical 
interaction between the latter and charged particles, the concept of activity, the modern theory 
of strong electrolytes, etc. are not mentioned and Rakshit’s views do net enable us even to 
qualitatively understand the properties of solutions. 

If anything the book proves the truth of the French proverb, “La critique est aisée, 
mais I’ art est difficile.” 

]. M. KoLTHOFF 
University of Minnesota 
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